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. .THE DESIGN OF THE BALLISTOCARDIOGRAPH 

JOHN L. NICKERSON and HOWARD J. CURTIS 

From the Department of Physiology , College of Plujsicians and Surgeons, Columbia 

University, New York City 

^ Received for publication March 11, 1944 

- The purpose of the ballistocardiograph is to measure the movements of the 
body resulting from the heart beat: These measurements were first studied by 
Gordon (1) and later by Henderson (2) who suggested that the magnitude of 
movement is proportional to the volume of blood ejected from the heart per beat. 
Several investigators have subsequently proposed various designs for ballisto- 
cardiographs, and an excellent review of their work has been given by Starr (3). 

Before applying the technique to experimental work on animals, it has been 
considered necessaiy to make a careful study of the physical requirements of the 
instlaiment in order to specify its best possible design; and for convenience in this 
investigation, human subjects have been used exclusively. As a result of this 
work, it is possible to evaluate certain factors contributing to the form of the 
records and to define certain conditions which must be satisfied b 3 ’' the apparatus 
if a reasonably ti-ue record of bodj’" movement is to be obtained. 

The measurement of the movements of the bodj'^ which occur as a result of the 
circulation of the blood is essential^ the main problem. Ideally, one could 
postulate a person floating in free space and with the absence of respiration. The 
law of conservation of momentum requires that, over the period of one cardiac 
cycle, the body mil acquire no net momentum as a result of the heart beat. If 
the measurements of the momentaiy movements of the bod}’’ could be made under 
such circumstances, the}’’ would represent the tnie ballistocardiogi'am. In prac- 
tice, of course, it is necessaiy to have the subject supported, usually on a swing- 
ing bed, and some force must be applied to the supports in order to keep the mean 
position of the body fixed. The addition of the mass of the support and con- 
straining forces alters the tme ballistocardiogram; and, as the constraints on the 
systerh ar6 increased, the magnitude of the excursion of the bed is progressively 
decreased, thereby drastically altering the shape of the record of the movement. 
Since these constraints pro’\'ide no additional infonnation, they are justified only 
if measurements cannot be made ■v\'ithout them. 

The closest appi’oach to the ideal case was that of Henderson (2) who suspended 
a very light bed by ’vrtres in such a way that it could move only in the longitudinal 

1 



2 


JOHN' L. XICICERSON' AIS'D HOWARD J, CURTIS 


direction. Tiie movements were amplified by a lever system and recorded on a 
kjonograpli. Henderson’s sj'stem had a very long period and during a recording 
the subject was required to suspend respiration. The more recent systems have 
been highly constrained and do not require cessation of respiration; this appar- 
entl}’’ makes the measurement simpler but actually introduces errors of unknown 
magnitude. 

Theory. There are essentially three forces acting in the simplest ballistic system. The 
first is the force F which it is desired to measure; the second is the elastic restoring force 
' which brings the system back to its resting position once it is displaced, and whose magni- 
tude is proportional to the displacement and opposite in sign; and the third is the damping 
force which alwa3’’s opposes the motion and in the simplest case is proportional to the veloc- 
ity. From Newton’s second law we may write: 

' / 

d-x dx , ^ ^ , 

m — b — kx = C Cos Zirfl (I) 

dl' dl 


where the expression on the right is a single member of the Fourier series representing the 
forces impressed on the s3'stem. 

The general solution of this equation is given b3’^ Page (4). and, in the ideal case of a S3's- 
tem without constraints, reduces to 


X 


C 

iTT^mP 


Cos 2:r//. 


The amplitude a s Cl'^v^mp is a constant for an3' subject and is the quantity which we 
are stri\'ing to measure with the ballistocardiograph. Note that the appearance of the 
frequenc3' of the component of the impressed force in the denominator indicates a selectivit3' 
for the lower frequenc3' components in the circulator3'’ impacts. This is, of course, inher- 
ently the situation in the condition we ha\’'e defined as ideal. 

In going from this ideal case just discussed to more practical cases there are two con- 
ditions of interest : I, the underdamped case in which the damping is insufficient to prevent 
oscillation and which will exist when b < 2\/ni/;; and 2, the criticalb' damped case in which 
the damping is just sufficient to prevent oscillation and which occurs when b = 2\/ mk. 

For the underdamped case the solution of equation (1) is: 


X 


C 

4v*m(/5 -p) 


Cos 2v/i 


The quantit3'/o = 



is the natural undamped frequenc3' of the s3’stem. 


In practice 


fo ma3- be determined b3' removing the damping and counting the number of oscillations per 
second. The underdamped case demonstrates the phenomenon of resonance whenever/ = 
fo, and the amplitudes of these frequencies appear e.xcessiveb' large. Kesonance can be 
practicalh’’ avoided b3- making /o either ver3' large or ver3' small. The former would be the 
choice for high frequenc 3 ' recording in a S 3 'stem which remains a simple mechanical system 
as the con-straints on the S 3 'stem are increased. 

For the criticalh- damped case the solution of equation (I) is: 


2//o 

fl-P’ 


where tan = 
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This situation avoids resonance completely but again requires /o to be either very large 
or very small in order to minimize the phase shift. 

The ratio of the amplitude of this case to the ideal case gives : 


a fl+f^ 


( 2 ) 


which shows that, for small values of /o, the recording will be very close to the ideal with only 
small errors in amplitude and phase. 

Figure 1 shows a series of curves plotted from equation (2). The ordinates represent 
ai/a, the abscissa gives the natural undamped frequency of the bed, and the several curves 
are for a range of impressed frequencies to be e.vpected in a Fourier analysis of the normal 
human ballistocardiogram. By examination of these curves it is possible to estimate for any 
bedfrequency the errors introduced into the various frequency' components of the ballisto- 
cardiogram. It is obvious then that in order to record the movements of the body, as if it 
were floating freelj’ in space, the system should be of low frequency and critically damped. 



Fig. 1. The abscissa is the undamped bed frequency; the ordinate, the ratio of the ampli- 
tude of the observed response to the amplitude of the ideal response for the bed under 
critical damping. The curves represent the amplitude ratio for several impressed fre- 
quencies (/). 

Because of the ease of recording a high frequency bed is often used. This procedure 
assumes that the subject and bed remain a simple mechanical system in which the subject 
^ can be represented ballistically bj'' a mass equal to his weight. However, the increased 
restoring force applied to the bed to provide its high frequency response accentuates the 
actual situation, i.e., that the subject and bed are two elastically coupled systems each hav- 
ing elasticity and damping. In the construction of a bed it is necessarjq therefore, that the 
constraining forces be kept to a practical minimum, otherwise the movements of the bed will 
be determined by the elastic properties of the tissues as well as by the cardiac output. It is 
evident that a criticallj’' damped bed with a very low natural frequency should be used, and , 
departure from this condition will introduce definite errors! 

Apparatus. TJie bed, which consists of a light wooden board covered on top 
by a thin woolen blanlcet and has a head-rest at one end, is shown in figure 2. 
The board was placed on a wooden framework supported b}’- four long, heav}'- steel 
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springs, ;S, 2 inches wde and ^ inch thick which are fastened by means of iron 
' clamps, B, to the four legs of a heavy wooden table. By adjusting the position 
of the clamps the spring length may be varied quickly and easily over a wide 
range. This arrangement made it possible to obtain a very low frequencj'' bed, 
yet one which is rugged, portalrle and ndthout friction. '\^ery low frequencies 
are possible because the length of the springs can be increased until the restoring 
force which they introduce is just sufficient to support the weight of the body. 
Provided the positive restoring force introduced by the springs is just greater 
than the displacing force due to the essentially instable position of the body, it 
nill be a long period system. The total weight of the moving part of the bed is 
about thirty-five pounds. The permitted direction of movement of the bed is 
onty longitudinal. 



Fig. 2. Illustrates two views of the bed and a detailed drawing of damping device. 


The construction of a satisfactor>' damping sj^em presented some difficulty- 
The requirement that it be completely free from friction, yet capable of providing 
a large continuously adjustable amount of damping, precluded the use of all 
customarj’’ devices. INIechanical dampers were found to introduce friction; and 
magnetic dampers and vanes mo\'ing in oil provided an insufficient amount of 
damping. Figure 2 includes an illustration of the light metal sylphon bellows 
damper -which we found to be completeh'- satisfactor 3 ^ This bellows, A, (which 
has a restoring force of 0.5 lb. for a deflection of O-lOO") is soldered between two 
thick brass plates, P, one being attached to the bed by a brass rod, C, and the 
other clamped to the table. The brass tubing, D, leads from the inside of the 
bellows to the reservoir, E, and a brass rod, P, is selected to fit snugly inside tube 
D. The bellows, tube, and reservoir are filled -with a light oil, so that move- 
ments of the bed cause the oil to flow through the tube D, thus providing the 
damping resistance to the bed movements. By varying the size and depth of the 
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plunger rod, F anjr desired amount of damping can be obtained. The elastic 
restoring force introduced by the bellows merely adds to that pro^dded by the 
springs supporting the bed and becomes an appreciable factor only when ex- 
tremely long period beds are used. In filling the bellows S 3 ^stem mth oil it is 
imperative that air bubbles be excluded. The presence of these bubbles can be 
detected by displacing the bed and observing the recovery pattern. Perfect re- 
covery curves are shown in figure 3, B, E and F. The presence of air bubbles 
will superimpose a high frequencj’- oscillation on the pattern. 

It was found desirable to have a frictionless recorder which Avould give an 
immediate record vuthout the necessity of photographic development. To 
accomplish this an air condenser (fig. 2, H) was constructed, one plate of which 
was stationarj’- and the other moved with the bed in such a waj-- that the move- 
ments of the bed gave a linear change of capacity. The condenser was incor- 
porated in a high frequencj'- vacuum tube oscillator so that capacity changes pro- 
duced linear changes in oscillator plate current (5). These current changes were 
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Fig. 3. Records A, B and C are from an 80 kgm. subject under three conditions of damp- 
ing; D,.E and F demonstrate the corresponding damping record with 80 kgm. of dead 
weight. 

amplified by a three-stage, direct-coupled amplifier and used to activate an ink- 
writing oscillograph. It was necessary to exercise considerable care to insure 
linearity between the motion of the bed and the movements of the pen. A 
second pen on the ink-vuiter records the electrocardiogram simultaneously vuth 
the balUstocardiogram. A paper speed of 25 mm. per second was found satis- 
factory. Tiris recording S 3 "stem has been found to be excellent as a research 
method, but is not necessarily recommended as a clinical instiniment. 

There are several general precautions which the authors consider important. 
The bed and table must be of sturdy construction; the table should be made of 
heavy materials and the bed of light materials (the lightness and rigidity of the 
bed being attained by wooden construction). To reduce the effect of secondary 
oscillation, the subject should be as near as possible to the center of the bed, the 
damper applied exactly on the long axis of the bed, and, most important, the 
recording device should be attached directty to the mo\'ing part of the damper. 

Results. Extensive series of records were made on four normal health 3 ^ 
subjects. These series consisted of measurements made over a wide range of bed 
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frequencies, and for each frequencj' several different damping conditions were 
used. In cases where basic concepts were being verified more subjects were 
tested, and in one instance records were obtained on 23 subjects of both sexes 
ranging in age from 20 to 72 3'ears and in weight from 105 to 195 pounds. In 
preparation for each record a weight equal in mass to that of the subject was 
placed on the lied. The plunger was removed from the damper and a record of 
the undamped natural frequenc}* obtained. Bj’- means of a micrometer screw, 
the bed was displaced a measured amount and the corresponding deflection of the 
witing pen recorded: a known force was then applied to the bed and the deflec- 
tion of the pen recorded. The damping plunger was then replaced, the bed 
slightl}’- displaced, and its return to rest recorded. From the record the state of 
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Fig. 4. A, B, C, D, E and F are a scries of records on a 72 kgm. subject with the bed 
critically damped. With each record is shown the deflection corresponding to the linear 
movement of the bed in microns; the deflection for a static displacing force in grams; the 
frequenc 3 ' of the bed when undamped, and Ihd amplitude of tlie oscillation. Record G is 
from the same subject for a higher frequency undamped bed; record //, the .same subject 
Ijung on the floor with the pick-up device attached to his head, 

damping could be judged and the plunger moved in or out until the desired degree 
of damping was attained. Three such records are shown in figure 3 {D, E and 
T). 

The subject ascended the bed and rested for a few minutes before the record 
was taken. The elimination of i-espiration was necessaiy onh'- on the lower fre- 
quency bed, but for uniformity all the records were taken with the respiration 
aiTCstcd in midjiosition. An instiaictive .series of records is demonstrated in 
figure 4 (A to E). These were taken on a single subject, all with critical damping 
over a range of frequencies from 0,14 to 3.6 per second. Since the amplification 
was changed con.siderably from record to record, both displacement and force 
calibrations arc included. Tlic amplitude A is given in order to enable the 
reader to obtain a clearer understanding. of the magnitude of the bed displace- 
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ment. The amplitude is defined as the sum of the two principal waves of the 
ballistocardiogram (waves I and J, Starr et al. (3)). The type of pattern ob- 
tained on a high frequency undamped bed is shovm in figure 4, G. This type of 
bed is similar to that used by Starr (3) and the results are comparable. Records 
taken bn other noiinal individuals under the same conditions vaiy in only minor 
details. 

The fact that the form and size of the balhstic record is almost completely a 
function of the way in which it is taken, and varies^onl}'- in minor respects be- 
tween normal individuals, is regarded b 3 ’' the authors as the most striking con- 
clusion to be drawn from this research. 

The series of records in figure 4 demonstrates the relativel}^ large change in 
amphtude and form occurring with change in bed frequenc 3 ^ Record A (fo = 0. 14 
sec-0 represents a ■^''ciy close appro.ximation to the ideal. This is indicated b 3 '- 
two facts: 1, the fundamental frequenc 3 ’- of the ballistocardiogram (f=l sec-0 is 
well above the bed frequenc 3 " so that the expected errors are small. Thus, in 
figure 1 the dotted line at fo = 0.14 sec-* shows the maximum error for f = 1 sec-* as 
2 per cent and for higher frequenc 3 ’^ components the error is even less; 2, the 
necessit 3 ’’ of increasing fo about seven-fold before any considerable change in 
shape or size of the record is noted suggests that no appreciable change in the 
record would have been obsen^ed if fo had been made infinitesimal^ small. As 
fo is further increased b 3 ^ relativel 3 ^ small amounts, large changes in size and shape 
of the pattern appear. Examination of figure 1 shows that these large changes 
could be due to a considerable contribution from the second harmonic, a fre- 
quency about tivice the heart i-ate. The effect of increasing the bed frequency 
(record B) has been a decrease of the amplitude. A, and a return of the record to 
the base line sooner than when the restoring force was smaller (record A). This is 
in striking agreement vith the theoiy we have outlined above. In record C the 
cuiwe not' only returns to the base line sooner but actuall 3 ’' goes slightly below the 
line. The effect is accentuated in records D and E, and at the highest frequency 
F, there is consideralile oscillation before the cuiwe returns to the base line. 
Since this whole series involves critical damping, the oscillatoiy motion cannot be 
explained on the basis of the simple theoiy. A logical assumption is that these 
oscillations are caused b 3 ’' the elastic properties of the tissues of the subject, the 
effects becoming more important at bed frequencies above 1.5 per second. Since 
most of the recent work b 3 ’' other investigators has been done v4th high frequenc 3 '' 
beds, it was necessary to test this assumption. 

Tissue elasticit 3 ^ was discus.^ed b 3 ^ Starr (3) who obtained records vdth and 
without footboard and stoppers on the subject. He concluded that there was no 
relative motion between the subject and the bed, but recognizing the importance 
of tissue elasticit 3 ’- he attempted an elucidation by tapping warm cadavers on the 
head and comparing the patterns produced vath those from the tapping of an 
equal dead weight. He found that beds containing dead weight produced a fre- 
quenc 3 ’' of 10 per second and gave, vith the cadavem, frequencies of 5 to 6 per 
second. Since the variation was within 20 per cent among a varied group of 
bodies, he concluded that the tissue elasticit 3 ’’ was essentiall 3 ' constant. We do 
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not, however, consider that these conclusions are proven and have demonstrated 
the importance of tissue elastieit 3 '' in the following ways. 

1. Rubber tubes were placed between the board on which the subject lay and 
the supporting frame of the bed. The result (fig. 5) was an accentuation of 
the oscillatory effect. 

2. Records on stout subjects should show more overshoot and oscillation than 
records made on thin subjects of the same weights (fig. 6). Both subjects had 
substantial^ the same form of record at low frequency'. 

3. The important role played bj’’ tissue elasticit 3 '' is clearl 3 ’' shomi in figure 
4, //. The subject lay upon the floor with the recording device attached to his 
head. The amplitude of the oscillation of the subject on his own tissues is about 
45 per cent of the amplitude of the ideal (fig. 4, .4), and nearly three times as 
large as the recoi'd taken from a high frequency undamped bed (fig. 4, G). 


v;irHOUT RUBBER 

3AA/W\/W\/V 

y/lTH PUBEER 


f(j*3 5 Mf' 

CRITICAL OAMPi.-IG 
!««! ooasn- BED MOVEI/EIlT 
I .-0,1 17^ DISPLACING FORCE 

J lOotM 



./U--/WW 


THin SUBJECT 

CRiTiCiL DtUPaia TlO_ 

foM2.„-i I’®"" 

t»«o OOS-, BED OlSPUiCEMEMT 

l»,«o. SiSBLACCIS force 


Fig. 5 Fig. 6 

Fig. 5. Record A illustrates a 72 kgm, subject on a moderately high frequency critically 
damped bed. Record B demonstrates the changes introduced by placing rubber tubing 
betv.'een the board on which the subject lies and the frame of the bed, the ballistic move- 
ments being thus transmitted from the subject to the recorder through a layer of rubber. 

Fig. 6. Records on two SO kgm. subjects of different body shapes. 


It appears, Iherefore, that m'th high frequency beds the elastic properties of 
the tissues determine almost complete^' the size and shape of the record. . It is 
necessar 3 '- then to work nith critically damped beds of which the frequencies, 
when undamped, are less than 1.5 per second. The selection of a low frequency 
bed permits the bod 3 ’’ to be considered as dead weight and allows the obsen^er to 
specify rigidb' the conditions of restoring force which will enable one to disregard 
errors introduced b 3 " tissue elasticit 3 '. 

Another view of the origin of thc.=e oscillations is presented by Hamilton and 
Dow (6, 7) who suggest that the 3 ' are caused b 3 ' impacts of the blood at peripheral 
boundaries and b 3 ' .surgings of the blood within the aortic vindkessel. The 
momentum changes involved in these impacts are of considerabty smaller magni- 
tude than the initial impulses due to the footward and headward recoils at the 
time of the ventricular systole, and the subsequent headward impulse produced 
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b}-- the diastolic run-o£P around the aortic arch. For this reason we feel that high 
frequency undamped recording overaccentuateSj by resonance and by other 
factors, the high frequency components of the cardiac cj^cle to the detriment of 
the lower frequency events more closely related to the cardiac stroke. 

So far we have considered solely the case of the critically damped bed. From 
theoretical considerations it is not necessary to consider either the overdamped or 
the underdamped situation. HoAvever, numerous records were taken under both 
conditions in order that no practical point be overlooked. Figure 3 shows three 
records taken on the same subject on a bed with a natural frequency of 0.90 per 
second. The effects of respiration were more marked with underdamping than 
with critical damping. With overdamping, although the respu’ator}^ movements 
are reduced, the overshoot due to tissue elasticit}'’ enters at lower bed frequencies 
than with critical damping. It is concluded that overdamping provides no 
significant advantage w^hich could not be obtained by using a higher frequency 
bed and applying critical damping to it. 

Several records w^ere made -with the subject Ijing at various angles to the direc- 
tion of the motion of the bed and, w'hereas the motion was by no means zero when 

displacement record 

ImmS .005mm BED MOVEMENT 
Imms 4jm DISPLACING FORCE 

-VV-VV-WV-VV- velocity record 

CRITICAL DAMPING T |0mm 

f. • 2,3 .le-l * 

Fig. 7. Comparison of a displacement record and a velocity record taken simultaneously 
on a 72 kgm. subject. 

the body was at right angles to the direction of movement of the bed, still no 
angle w^as found which wmuld give a greater deflection than w^as given by the 
body lying parallel to the direction of recording. It w'as found also that it made 
little difference whether the subject lay on side, back or stomach. 

The applicability of the ballistocardiograph patterns to the measurement of 
the cardiac stroke volume arises from a consideration of the law^ of conservation 
of momentum (i. e., the change in momentum of the blood must equal the recoil 
momentum of the body) . According to Henderson’s (2) interpretation the maj or 
deflection of the ballistic record is caused by the momentum change of the blood 
as it passes around the arch of the aorta. Since the momentum is the product of 
mass and velocity it follows that, if the form of the pulse wave is unvarying, the 
mass of blood moved (or the cardiac stroke volume) should be related to the 
velocity of the bed as w^ell as to the ballistic throw or displacement. In this in- 
vestigation we have recorded the displacement 'in all cases, and in sevex'al in- 
stances the velocity w'as recorded. The latter record w'as obtained in several 
ways: 1, by connecting a long solenoid to the bed and attaching a fixed bar magnet 
extending part way into the' coil; the current generated, w^hich was pi'oportional 
to the velocity of the bed, was then amplified and recorded; 2, by placing small 
coupling condensei'S betw^een the stages of the amplifier used in the displacement 
pickup, it was found possible to differentiate electrically the displacement curve 
and thereby obtain the velocity record. Records taken by the second method 
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are shown in figure 7 which gives both displacement and velocity cuiwes recorded 
simultaneously. The choice between displacement and velocity recordiug is now 
undergoing experimental tests, and we expect to present in a subsequent paper 
an empirical equation relating the cardiac stroke volume and the dimensions of 
.the recorded pattern. 

Discussion. It can be stated definitely that the bed "should be critically 
damped by some device which offers no friction in the conventional sense. The 
contention that external damping is not necessaiy because the bod}^ provides all 
the damping that is required (3) is apparent^ only partly true and leads to 
serious error. Inspection of figure 4 shows that a high frequency undamped bed 
will measure onty 15 per cent of the total movement of the ideal case. This 15 
per cent is dependent on the type of tissue of the subject, the amount of fat, the 
degree of hydration, the tonus of the muscles, etc. In our experience subjects 
measured on a low frequency, critically damped bed provide patterns wMch are 
quite constant from day to da 5 ^ 

It has been found that the natural frequency ivithout damping should be as 
low as possible, the onl 3 - limiting factor being convenience. Measurements at 
frequencies less than 1 per second have been found difficult, but bj’’ no means im- 
possible to make. Respiration must be suspended, and the subject must remain 
absolutely motionless during the recording. Such records are almost tine graphs 
of the motion of the body as a result of the action of the heart. At frequencies of 
one per second the amplitude of the wave is reduced only about 12 per cent and 
the wave form is distorted little. Respiration must be suspended, but otherwise 
the recordings are not difficult to make. If measurements are performed on co- 
operative .subjects, this would be the frequency of choice. At frequencies of 1.5 
per second the amplitude is reduced to about 55 per cent of the value determined 
Ijy the low frequency bed; the wave form, though considerably altered, ma}’’ be 
sufficient^ accurate for some purposes. Quiet breathing is permissible, and the 
records are quite easy to obtain. It is not recommended that frequencies higher 
than 1.5 per second be used, .since errors become excessive above tliis point. 
These increased en’ors are caused by the rise in bed frequency (Jig. 1), i. e., by 
the imposition of greater constraints which prevent the bed and body from mov- 
ing in unison. Complex patterns of movement are thereby produced ; these bear 
little resemblance in size or .shape to the actual motion. These higher frequen- 
cies are tempting to use since the records are verj’- easily obtainable. 

The measurements of Starr et al. (3) were made on a high frequency, un- 
damped bed, and it must be sujiposed therefore that the formula developed by 
these authors was largely empirical. The cardiac output as computed bj’- their 
formula gave reasonably good agreement with measurements obtained bj'^ in- 
dependent methods, and this work has-been .substantiated independent^' b}-- 
Couraand ct al. (8). In view of the evidence presented liere this agreement is 
quite surprising, and it must be presumed that the empirical approach takes 
account of the subject’s elastic properties by the introduction of bod^- factors 
({. e., the surface area). 

One of the most serious objections to the clinical use of the ballistocardiograph 
has been the overlapping of patterns occurring \wth high heart rates. In the 
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past these measurements have been made with high frequency undamped beds, 
vdth which, even for the slow normal heart, the oscillation due to one heart beat 
would barel}’- due out before the next beat commenced. However the use of u 
low frequency critically dapiped bed demonstrates (fig. 4, C) that the major 
^portion of the pattern occupies an interval approximately equal to the time be- 
tween the start of the Q-wave and the end of the T-wave. It ma}^ be concluded 
therefore that, if the record is properlj’- taken, it is possible to increase the heart 
rate by a factor of two or more without expecting sezious errors. Records taken 
on normal subjects immediately after exercise have substantiated this conclu- 
sion. 

SUMMARY 

An experimental and theoretical stud 3 '’ of the human ballistocardiograph has 
been undertaken vuth a view to designing an apparatus which will measure 
accurately and easily the motion of the bod 3 ’- which occurs as a result of the heart 
beat. Both approaches to the problem have demonstrated that: 

a. It is absolutely necessary to have the bed damped by a device which inti’O- 
duces no fiiction. Since both over and under damping 3 ’ield eiTors which are 
difficult to evaluate, the damping should be critical for the total load. 

h. The restoring force on the bed is most easily specified b 3 '’ the undamped 
frequenc 3 '- of oscillation of the loaded bed. True ballistic records are obtained 
only when frequencies somewhat less than 1 per second are used. When higher 
frequencies are used, the errors in amplitude and wave form inci’ease Avith the 
frequency. 

c. Measurements at ver 3 '' low frequencies are difficult to make. However at 
frequencies between 1.0 and 1.5 per second, the difficulties are reduced somewhat 
and the errors are not serious. 

d. It was found that at frequencies above 2 per second the subject and the 
bed do not move in unison, and the pattei’n recorded depends in part on the 
elastic properties of the tissues of the subject. This leads to serious errors at 
high frequencies. 

Complete specifications are given for the construction of the bed used in tliis 
work. 

The work descilbed in this paper was done under a contract, z’ecommended b 3 ’’ 
the Committee on Medical Research, between the Office of Scientific Research 
and Development and the College of Physicians and Surgeons of Columbia 
University. ^ 
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It has been kno\\-n for manj^ years that serum and defibrinated blood stimulate 
smootli muscle. (For reviews, see Janeway, Richardson and Park, 1918; Werle, 
1935; Gaddum, 1936; Amberson, 1937; Rigler, 1938; and Reid and Bick, 1942.) 
This property of serum is attributed to several substances called “Spatgifte” 
(Freund, 1920), the chemical constitution of which is unknown (Stewart and 
T. F. Zucker, 1913^ Wu, Fang and Tsai, 1942). One or more of these substances 
reduces the blood flow of perfused mammalian organs to a low value unless the 
lungs or some other organ capable of destro 3 dng the vasoconstrictor material is 
included in the perfusion circuit (Eiehboltz and Veme 3 '-, 1924; Bmg, 1941). 
Blood and plasma prevented from clottmg b 3 ’' anticoagulants usuall 3 ’' fail to 
stimulate smooth muscle. However, active substances can appear in the ab- 
sence of clot formation (Trendelenburg, 1915-16; Freund, 1920; Reid and Bick, 
1942; Landis, Wood and Guerrant, 1943), since the essential factor in the develop- 
ment of activit 3 ’’ in shed blood appears to be the breakdown of the blood platelets 
(O’Connor, 1912; T. F. Zucker and Stewart, 1913; Janewa 3 ' et al., 1918; Freund, 
1920; and Reid and Bick, 1942). 

The work presented in this paper consists of three parts. First, some of the 
studies of the earlier investigators were confirmed and extended. Second^', a 
fraction of the bufi' 3 " coat of human blood was prepared and its chemical and 
pharmacological properties investigated. FinalU’, a study was made of the 
destruction of one of the smooth muscle stimulating substances by various 
tissues in vitro. 

Methods. The actmty of ^'arious fractions of blood, the preparation of which 
vill be described below, was tested on smooth muscle obtained from various 
sources. The contraction of the sensitized (sjmpatheticalL’- denerv’-ate'd) nicti- 
tating membrane (n.m.) of the cat (nembutal anesthesia) was recorded b 3 ’- means 
of an isotonic lever vith a magnification of about 10. The test materials in a 
volume of 2 cc. were injected through the cannulated carotid artejy-. The 
arteiy could be recannulated in three subsequent e.xperiments. 

Sections of rat duodenum or of rabbit or guinea-pig ileum were suspended in 
10 to 20 cc. of T 3 ’-rode solution maintained at 38°C, and their contractions re- 
corded under about 1 gram of tension. Strips of ox carotid artei:^', prepared by 
the technique of Janeway et al. (1918), or the uterus of the virgin rat was sus- 
pended in 20 cc. of Ringer solution. The recording lever magnified the responses 
of the indicators about 44 times. 

* Submitted in partial fulfillment of the requirements for the degree of Doctor of Phil- 
osophy, in the Facult j* of Pure Science, Columbia Unii-ersit j-. 
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The vessels of the cat tail, cat ear, or rabbit ear were perfused vdth Ringer solu- 
tion (0.9 per cent NaCl, 0.042 per cent KCl, 0.024 per cent CaCb, 0.03 per cent 
NaHCOs, 0.1 per cent glucose) at a pressure between 30 and 70 cm. H 2 O. The 
rate of outflow, as recorded by a drop counter, was determined for one minute at 
the height of the constrictor response, which usually began 0.5 to 1 minute after 
the injection of 0.1 to 1.0 cc. of test material into the tubing above the cannula. 

In experiments in which the blood flow tlirough the kidney was measured, the 
lungs and kidney of a cat were simultaneous!}’- perfused by the method of Bing 
(1941), using defibrinated cat blood at 35°C. The test material was dissolved in 
a few cubic centimeters of fluid withdraira from the perfusion circuit. The solu- 
tion was brought to 35°C and injected into the renal arterial inflow. Renal 
blood flow, which was not affected b}’- control injections of the perfusate, was de- 
I termined by measurmg the ^^enous outflow. 

Results. The aciio7i of shed blood dn smooth muscle. The injection of 0.1 
to 1.0 cc. of cat, dog, human or rabbit serum produced a contraction of the n.m. 

' The sera of the cat and rabbit were usually more active than those of the dog and 
man, but there was considerable indhddual variation. Ox carotid arteiy strips 
showed a pronounced response to 0.25 cc. of rabbit senim or to 1 cc. of cat seinm. 
One cubic centimeter of human serum produced only a slight contraction of this 
indicator. The sympatheticallj’- denervated pupil of the cat responded to the 
intracarotid injection of 0.3 to 1 cc. of cat serum ■\rfth a pronounced constriction, 
which was preceded by a slight dilatation. 

In 9 out of 11 instances, 1 cc. of fresh, citrated cat plasma, obtained by centri- 
fuging blood (2700 r.p.m.) to which one-tenth volume of 5 per cent sodium citrate 
had been added, had no action on the n.m. Plasma wliich had been refrigerated 
for 24 hours was usually active. The addition of citrate to serum did not modify 
its effect on the n .m. One-half cubic centimeter of pooled citrated human plasma 
taken from bank blood which was 7 to 10 days old caused a pronounced contrac- 
tion of the n.m. In two experiments the effect of citrated rabbit plasma on the 
rat intestine and on the vessels of the rabbit ear was studied. The vasoconstric- 
tion produced b}’ 0.4 cc. of plasma was approximately one-fourth as gi-eat as was 
the response to an equal volume of seium. The rat intestine failed to respond to 
0.2 cc. of plasma, although 0.1 cc. of serum produced a marked contraction. 

The origin of the active substances was studied by testing the activitj'- of lysed 
cat blood platelets, white cells and red cells on the n.m., and of similar fractions 
of rabbit blood cells on the rat intestine and vessels of the rabbit ear. The cells 
Avere prepared from citrated blood (one-fiftieth volume of 20 per cent sodium 
citrate) which was centrifuged at approximately 1200 r.p.m. The platelet-rich 
plasma was removed and the sedimented cells Avere AA'ashed three times AA'ith a 
salt-citrate solution (Chargaff et ah, 1936). The laj'-er of AA*liite cells AA-as draAA-n 
off and combined AAith the sediment obtained from sIoaa- centrifugation of the 
platelet-rich plasni^ as the white cell fraction. Platelets AA'ere obtained by rapid 
centrifugation of the plasma. The cells AA'ere disintegrated in distilled AA'ater, 
made isotonic AA'ith double concentrated Ringer solution, and centrifuged. The 
three fractions AA’ere each made up to the A’olume of blood from Avhich they AA'ere 
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derived (10 cc.), thus making it possible to compare the amount of active sub- 
stance in the three types of cells and in defibrinated blood or serum. A sample of 
the platelet fraction caused a greater contraction of all three indicators than did 
an equal sample' of the red cell fraction (tables 1 and 2). This demonstrates that 
4 cc. of red cells contain less active material than does about 0.05 cc. of platelets, 
and hence that the concentration of the active substances in the platelets is at 
least 80 times that in the red cells. Extracts of red cells wliich were prepared 

TABLE 1 


The response of the nictitating membrane of the cat to certain fractions of cat blood 


EXPT. 

ilATEMAL 

cc.* 

RESPONSE 

1 

Defibrinated blood 

0.5 

-1-4- 


Lysed platelets 

1.0 

-f-hd- 


Lysed red cells 

1.0 

0 

2 

Lysed platelets 

2.0 

-{-++ 


Lysed red cells 

2.0 


3 

Defibrinated blood 

1.0 

-f—f—h-i-f 


Lysed platelets 

1.0 

0 

i 

1 

Lysed red cells 

1.0 

-h-h-h 

4 

Defibrinated blood 

^ 1.0 

' -f-f-f- 


Lysed platelets 

1.0 

-{--{--I- 


Lysed red cells 

1.0 

0 

6 

Defibrinated blood 

1.0 

-f-q-q. 


Lysed platelets 

1.0 

+++ 


Lysed red cells • 

1.0 

+++ 

6 

Defibrinated blood 

1.0 



Lysed white cells 

1.0 

4 — t-d-d" 


Lysed red cells 

2.0 

0 

7 

Lysed platelets 

1.0 

d- 


Lysed white cells 

1.0 

d-d- 


Ly.sed red cells. 

1.0 

0 


* The lysed cell fractions were made up to the volume of blood from which they were 
prepared (10 cc.) in order to facilitate their comparison. 

t An exceptional experiment in which an unusually small volume of platelets was 
obtained. 

from defibrinated Idood had less effect on the n.m. than did similar fractions pre- 
pared from citrated blood. This indicates that the active substances in this 
fraction do not originate from erythrocj^tes, but from platelets or white cells. 
Platelets are probalDly re.?pon.sible for the activity of the white cell fraction, which 
was approximately equal to that of the platelet fraction. The activity of de- 
fibrinated blood as tested on the n.m., and of .serum and an extract of the clot ns 
tc.sted on the rabbit ear r'cssels or rat intestine was not greater than that of the 
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cell extracts (tables 1 and 2). This obser^'ation indicates that, although coagu- 
lation releases the active constituent from the platelets, it does not cause the pro- 
duction of any additional smooth muscle stimulating substances. 

To determine whether or not the active substance originated from the white 
cells as well as from the platelets, the activity of lysed ljunphocytes was investi- 
gated. Ljmiphocytes were obtained b 3 >- centrifuging 2 to 11 cc. of hepaiinized 
Ijunph taken from the thoracic ducts of dogs or cats under nembutal anesthesia. 
In some instances, pressure was exerted on the abdomen to facilitate the collec- 
tion of the lymph. The l 3 ’'mphoc 3 i;es were disintegrated in the same manner as 
were the blood cells, the final volume of the e.xtracts being 2 to 4 cc. The re- 
sults (table 3) demonstrate that the Ijunphocjdes from 1 to 5 cc. of heparinized 
bunph (about 0.05 cc.), when lysed, failed to stimulate the n.m. or rat intestine. 

TABLE 2 


The response of the rat intestine and the blood vessels of the perfused rabbit ear to certain 

fractions of rabbit blood ^ 


TEST ilATERIAL | 

RABBIT EAR 

RAT INTESTINE 

cc.* 

Reduction in 
flow 

cc.* 

Response 



per cent 



Serum ) 

0.2 

91 



Extract of cells and clot 

0.2 

62 



Lysed platelets 

0.2 

81 



Lysed white cells 

0.2 

82 



Lysed red cells 

0.4 

45 



Serum 

0.4 

71 

0.1 

+4- 

Extract of cells and clot 

0.4 

48 



Lysed platelets 

0.4 

62 

0.2 

++++ 

Lysed white cells ; 

0.4 

69 

0.2 

+4 — h4' 

Lysed red cells 

0.4 

12 

0.2 

Inhib. 


* All of the fractions were made up to the volume of blood from which they were 
prepared (10 cc.) in order to facilitate their comparison. 


Since the extract of an equal volume of platelets has a pronounced effect, these 
findings demonstrate that b'^mphocjdes contam at most a low concentration of 
the active substances. One to 2 cc. of clotted or heparinized Ijunph caused a de- 
crease in the tone and amiilitude of contraction of the gut. The action of 0.05 
cc. of semm Avas onlj'’ slightlj’’ decreased bj'" mixing it with 2 cc. of Ijunph, Avhich 
suggests that the inhibitory material did not mask the presence of a stimulating 
substance. Lj’mph produced a constriction of the blood A’^essels of the perfused 
rabbit ear and usuallj’’ elicited a contraction of the n.m. 

Some properties of the smooth muscle stimulating substances in shed blood. Wu 
et al. (1942) found that the fraction of rabbit serum which dialj^sed through 
parchment membranes stimulated the rabbit intestine but failed to constrict 
the blood vessels of the rabbit ear, whei'eas the diatysed semm had a vasocon- 
strictor action. This experiment indicates the existence of at least two smooth 
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muscle stimulating substances in rabbit serum. The results obtained in the 
present investigation demonstrate that the two substances cannot be separated 
b}*- diab^smg serum through cellophane membranes (Visking sausage casing), since 
the constituent of. rabbit serum which stimulates the vessels of the rabbit ear, as 
well as the material in both cat and dog seram which contracts the n.m. and rat 
intestine, passes through these membranes. 

TABLE 3 


The response of the rat intestine, cat nictitating membrane and the blood vessels of the perftised 
rabbit car to lysed lymphocytes and to lymph 


Exrr. 

MATERIAt. 

EAT GUT 

IC.M. 

rabbit ear 

m 


m 

response 

cc. 

response 

1 

Clotted dog lymph’^ 

1.0 

Inhib. 






Lysed dog lymphocytes 

i.ot 

0 





2 

Heparinized dog lymph 

1.0 

Inhib. 

2.0 

+++ 

1.0 

++++ 


'Lysed dog lymphocytes 

1.25 

0 

5.0 

0 




Rabbit serum 





0.1 

++ 


Cat serum 

0.05 

+++ 

0.3 

++++ 




Cat serum in 1 cc. lymph 

0.05 

-f- or 








++ 





3 

Heparinized dog lymph* 

2.0 

Inhib. 

2.0 

0 




Lysed dog lymphocytes 

2.5 

0 

5.0 

0 




Rabbit serum 

0.05 

+++ 

0.3 

+ + + + 




Rabbit serum in 1 cc. lymph 

0.05 

++ 





4 

Heparinized cat lymph 

1.0 

Inhib. 

2.0 

J — j — [ — 1- 




Lysed cat lymphocytes 



5.5 

0 




Cat serum 



0.4 

+++ 



5 

Heparinized cat lymph..., 



1.0 

d — 1 — b 

0.5 

+++ 


Clotted cat lymph 



1.0 

+++ 




Heparinized cat lymph (from expt. 4, 








1 day old) 


S. 

1.0 


0.5 

+++ 


Lysed cat lymphocytes 



3.1 

0 




Cat serum 



0.3 - 

f+++ 

0.1 

++ 


* No pressure w.as exerted on the abdomen during collection of the lymph, 
t The dosage of lysed lymphocytes represents the volume of lymph from which the 
lymphocytes were obtained. 


Experiments were performed which indicate that the material in serum which 
contracts the n.m, is not histamine, tyramine or a choline ester. It was found 
that the activity of cat serum as tested on the n.m. was not diminished by incu- 
bation of the serum with histanuna.se. The response of the unsensitized n.m. to 
serum was increa.sed b 3 ’- the intravenous injection of cocaine liCl (8 mgm./kgm.). 
In agreement vdth the results of Dab' et al, (1937), the response of the n.m. to 
1 mgm. of ty’ramine was found to be decreased by cocaine. The intravenous 
injection of atropine (1 mgm./kgm.) failed to affect the response of the n.m. to 
serum, but abolished the n.m. re.sponse to mecholyi. 
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In two experiments it was found that, although acetone extracts of semm, 
made in the same manner as were the extracts of incubated semm, were less ac- 
tive than whole serum on the n.m., rat intestine and the tail vessels of the cat, 
the extracts possessed the same fraction of the activity of serum when the}'- were 
tested on any one of the three indicators. This suggests that the substances 
which stimulate the thi-ee types of smooth muscle are chemically similar, and 
may in fact be identical. 

Some 'properties of an active fraction prepared from the huffy coat of human blood. 
A concentrated preparation of the smooth muscle contracting material (subse- 
quently referred to as SMC) was made from the buffy coat- of human citrated 
blood which was approximately 24 hours old. After centrifugation and removal 
of the plasma from 50 liters of blood, the buffy coat, mixed with about 2.5 liters 
of red cells and plasma, was drawn off. A second centrifugation yielded 500 cc. 
of buffy coat. Cell counts made on one sample showed that 14,640,000 platelets, 
480,000 white cells and 240,000 red cells/cu. mm. were present. Smears demon- 
strated the presence of many lymphocytes but of only a few degenerating neu- 
trophUes. The buffy coat was added to 500 cc. of acetone. After standing in 
the cold overnight, the mixture was filtered, and the precipitate washed several 
times "with 60 per cent acetone. The acetone was evaporated from the water- 
clear, yellow filtrate and washings, which were then acidified to approximately 
pH 6.0 vith HCl, chilled, and extracted three times with cold ether. The aque- 
ous layer was neutralized and evaporated to dryness in vacuo at 65°C. The 
yellow solid was extracted vith absolute methanol. One-half to 2 grams of in- 
soluble whitish material of low activity were discarded. When the methanol 
- solution was dried, about 1.5 grams of brownish-yellow, transparent, h 5 '-groscopic 
material (SMC) was obtained. Since tests on the blood pressure of the atropin- 
ized cat indicated that SMC contaiued approximately 0.5 gamma of histamine 
per mgm., SMC was dissolved in water, autoclaved for 10 minutes, and incubated 
for 24 hours at 38°C -^rith 5 to 10 units of sterile liistaminase.® The enzyme was 
removed b}'- boiling and centrifugation, and the supernatant solution of SMC was 
e-^'aporated to dryness, extracted vdth methanol and dried. In several instances, 
the histamine present in the original methanol solution of SMC was adsorbed by 
permutit (Code and Ing, 1937). This procedure proved unsatisfactor}’- because 
from 25 to 50 per cent of the active constituent as well as the histamine was ad- 
sorbed, Uniform chemical and pharmacological beha^dour was shovm by the 11 
samples of SMC which were prepared. The average 3 ’-ield was 30.4 mgm. per 
liter of blood. 

One-half to 2 mgm. of histamine-free SMC contracted the n.m., the rat duo- 
denum, the rat uterus, and the ox carotid artery strip. Five to 10 mgm. stimulated 

- The term “buffy coat” is used in this paper to refer to the layer of wdiite cells and 
platelets overl 5 'ing the red cells in centrifuged blood which has been prevented from 
clotting. Although this definition of the term differs from that given in the standard dic- 
tionaries, it appears to be in accord with common usage. 

^ The author is indebted to the Winthrop Chemical Co. for supplj-ing injectable his- 
taminase, T-360N. One unit destroj'^ed 1 mgm. of histamine in 24 hours at 38°C. 
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the rabbit and guinea-pig ileum. The pupil of the cat responded to the intra- 
carotid injection of 1 to 2 mgm. of vSMC by a slight dilatation followed by a 
marked constriction which lasted for several minutes. The fact that the intra- 
venous injection of atropine -was Avithout effect on the response of the n.m. to 
SMC demonstrates that the active agent is not a choline ester. 

One milligram of SiSIC constricted the blood vessels of the perfused tail and 
ear of the cat. In contrast to this effect, as much as 30 mgm. had no action on 
the vessels of thcrabbit ear. The injection of 9 to 70 mgm, of SMC into the 
arterial supply of the perfused kidnej'- of the cat caused a decrease of from 9 to 
58 per cent in the venous outfloAv. The blood flow through the capillaries and 
venules of the skin of the cat’s ear*, observed microscopically by the method of 
Hooker (1920), Avas decreased by the intracarotid injection of 5 to 16 mgm. of 
SMC. 

The intravenous injection of 4 to 100 mgm./kgm. of S!MC both before and 
after the injection of atropine usually caused a fall of 5 to 20 mm. Hg in the blood 
pressure of cats anesthetized AA-ith ether or nembutal. It also loAvered the blood 
pressure of unanesthetized decapitate, spinal and decerebrate cats. An identical 
response was observed AA’hen SMC AA'as injected centrall}^ through a catheter in- 
serted into the carotid artery, thus eliminating the possibility that the vasocon- 
strictor substance AA'as completely destroj^ed by the lungs. That SMC did not 
contain histamine Avas shoAATi by its failure to constrict the vessels of the rabbit 
ear, an indicator particularly sensitive to histamine. Moreover, the injection of 
SMC lowered the blood pressure of the rat, which, as is AA^ell knoAvn, is raised by 
histamine. 

Some chemical properties of SMC were studied, using the n.m, as an indicator. 
SMC is soluble in 80 per cent ethanol or acetone, but is insoluble in ether, and 
in absolute ethanol or acetone. Two hours at room temperature in 0.1 N NaOH 
or HCl, one hour of boiling in 1 X XaOH or 1 N NaCl, or 10 minutes of boiling in 
1 X HCl had no effect on its actiAuty. However, the acth’-e agent AA’as entirely 
destroyed bj’' HNOz at room temperature and by 1 hour of boiling in 1 X HCl. 

It AA’as not precipitated by saturated aqueous or alcoholic solutions of picric acid 
nor phosphotungstic acid. The biuret test AA’as positiA’'e. The actiAuty of 
SMC AA’as destro 3 ’ed by incubation AAnth crade potato e.\'tract containing tyro- 
.sinase (Beyer, 1941), and its destruction AA'as inhibited by cyanide. Trypsin 
(Fischer Scientific “Pure”) had no effect on its acthfity. 

Six experiments AA’ere performed in AA’hich the action of SjMC AA'as compared 
quantitatively AA’ith that of a dialysate of cat serum on three indicators: the n.m., 
rat intestine, and perfused cat tail. The dialysate was employed rather than 
AA’liole serum in order to avoid effects attributable to viscosity or to foreign pro- 
teins; its action AA’as similar to that of the original serum. It AA'as prepared by 
dial.A’sing serum against an equal volume of Ringer solution OA’-emight in the cold 
and neutralizing it AA'ith HCl. When doses of senim dialysate and of SMC dis- 
soh'ed in Ringer solution AA'hich gaA'c responses of equal magnitude on one in- 
dicator Averc used, the responses of the other tAvo indicators to the tAvo substances 
giA’en in the .same ratio Avere also equal (table 4), These results suggest that a 
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single substance is responsible for the activity of S]\IC on the three types of 
smooth muscle, and that this substance is present both in SMC and in a dialysate 
of serum. Further evidence that the effect of SMC on the n.m., rat intestine 
and the tail ^'essels of the cat is produced by a single substance is the finding that 

TABLE 4 


A comparison of the action of cal scrum dialysate and of SMC on the rat intestine, nictitating 
membrane, and the blood vessels of the cal tail and ear 


EXPT. 

INDICATOR 

DIALYSATE 

SMC 

CC. 

response* 

mgm. 

response* 

1 

N.M. 

0.25 

IS 

1.0 

17 



0.125 

13 

0.5 

12 


Intestine 

0.5 

7 

2.0 

11 

2 

N.M. 

0.25 

8 

2.0 

9 


Intestine 

0.25 

5 

2.0 

4 



0.125 

0 

1.0 



Cat ear 

0.25 

76 

2.0 

54 



0.125 

64 

1.0 

54 

3 

N.M. 

0.25 

i 

22 

1.0 

35 


1 

0.125 

14 

0.5 

12 


Intestine 

0.9 

29 

3.6 

16 



0.5 

8 

2.0 

8 


Cat tail 

0.125 

62 

0.5 

65 

4 

N.M. 

0.5 

12 

1.0 

12 



0.25 

6 




Intestine 

0.5 

12 

1.0 

10 





2.0 

25 


Cat tail 

0.5 

77 

1.0 

67 

5 

N.M. 

0.5 


2.0 

17 


Intestine 

0.25 

8 

1.0 

18 



0.25 

24 

1.0 

35 


Cat tail 

0.5 

Of 

2.0 

Of 

6 

N.M. 

0.125 

IS 

0.5 

18 


Intestine 

0.5 

S 

2.0 

7 


^ Cat tail 

0.125 

59 

0.5 

69 


* Response of n.m. and intestine is measured in mm. Response of perfused tail and 
ear is measured in per cent reduction of outflow, so that 0 represents the absence of vaso- 
constriction. 

t One-half cubic centimeter of 1:1,000,000 adrenalin caused complete cessation of flow. 

1 hour of boiling in 1 N HCI completely abolished the action of ShiC on all three 
indicators, Avhereas boiling in 1 N NaCl or in 1 N NaOH did not impair its action 
on any of them. 

The destruction by tissues of the active material in serum and SMC. T he destruc- 
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tion by the perfused lungs of the substance active on the n.m. was studied in two 
experiments. Two cubic centimeters of defibrinated cat blood which had been 
perfused tlwough tlie lungs of a cat for two hours produced no contraction of the 
n.m., whereas the injection of ] cc. of unperfused defibi-inated blood caused 
a marked response. The perfused blood gradually regained its activitj'^ so 
that its effect 2| hours after the end of perfusion was about one-half that of 
the control sample. 

Further experiments on the destmction of the active material were carried 
out b}’^ incubating 10 cc. of cat serum or 5 to 15 cc. of Ringer solution con- 
taining SMC with 1 to 5 grams of finely divided cat or rat tissue. After the 

mmmft 
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Fig. 1 Fig. 2 

Fig. 1. Comparison between the activity of a dial 3 'satc of cat serum (C.S.D.) and SMC 
on three indicators. A. Outflow of perfused cal tail. J,0.5mgm.SMC. 5, 0.125 cc. C.S.D, 
B. Cat nictitating membrane. I, 0.25 cc. C.S.D. 1 mgm. SMC. C. Rat intestine. 
I, 0.5 cc. C.S.D. 3, 2 mgm. SMC. Time interval is 5 seconds. 

Fig. 2. Response of the cat nictitating membrane. J, 0.5 cc. e.vtract of Ringer solution 
incubated with cat skeletal muscle (10 cc;l gram). Ringer solution. S, 0.5 cc. e.xtract of 
serum incubated with cat skeletal muscle (10 cc.; 1 gram). 4, 2 cc. extract of serum in- 
cubated with cat lung (10 cc.: 1 gram). 5, 0.5 cc. e,xtract of serum mixed with lung tissue 
just before extraction. Time interval is 5 seconds. 

mixtures had been shaken at 3S°C for 3 hours, the toxic tissue protein.s were pre- 
cipitated by decanting the solutions either into 2 volumes of acetone or into 10 
imlumes of 95 per cent ethanol. The acetone filti-ates were evaporated on a 
steam bath, the ethanol filtrates evaporated in vacuo, and both were made to the 
original volume with distilled water. In some e.xperiments, the active agent 
was incubated with tissue extracts. To obtain the extracts, 1 to 5 grams of tis- 
sue were ground with sand, and mixed thoroughly with 5 to 10 cc. of Ringer solu- 
tion or phosphate buffer (M/15, pH 7.4). The solid material was removed by 
centrifugation and the extract was incubated with 10 cc. of .serum or SMC .solu- 
tion. 

The activity of the extracts of the incubated material was tested on smooth 
• mu.scle. Extracts of control .‘samples in which Ringer solution was incubated 
wth the tissues failed to stimulate smooth mnscle, e.xcept in one e.xperimcnt on 
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rat spleen M’liich is omitted from table 6. The results of the incubation experi- 
ments are presented in tables 5 and 6. Four plus represents the response of the 
indicator to the injection of 0.5 to 2 cc. of an extract of serum or SMC incubated 
without the addition of tissue. The results given in the tables indicate the re- 
sponse to an equal volume of an extract of serum or SMC wliich had been incu- 
bated with various tissues. 

^ The tissues tested, in the approximate order of their ability to destroy the ac- 
tivity of serum on the n.m. were: (1) cat lung and kidney, and rat lung and skele- 


TABLE 5 

The action on the nictitating membrane of extracts of 10 cc. of cat serum after incubation 

with various tissues 


KO. OF 
EXPTS. 

GRAMS OF TISSUE 

TISSUE 

KESPONSE* 

8 

1 

Cat lung 

0 

3 

1 

Cat lung 

-f-k 

5 

1-1.5 

Extract of cat lung 

++ 

2 

3-5 

Extract of cat lung 

-j — [_ 

2 

4-5 

Extract of cat lung 

0 

2 

1 

Rat lung 

Of 

5 

1 

Cat kidney 

0 

1 

1 

Cat kidney 


2 

1.3-2 

Cat kidney 

0 

1 

1 

Extract of cat kidney 

++ 

1 

2 

Extract of cat kidney 

0 

1 

5 

Extract df cat kidnej' 

0 

4 

1 

Cat skeletal muscle 

-f+d— {- 

1 

5 

^ Cat skeletal muscle 

++++ 

2 

1 

Rat skeletal muscle 

Of 

3 

1 

Cat spleen 

-1-+++ 

1 

1 

Cat spleen 

-f+' 

1 

1.3 

Cat spleen 

+-k 


* The action of an extract of 10 cc. of serum incubated ^^-ithout the addition of tissue is 
taken as -h-f-f-f. 

t In both experiments, the extract also failed to act on rat intestine. In 1 experiment, 
it caused a very slight constriction of the blood vessels of the perfused cat tail, and in the 
second experiment had no effect on this indicator. 


tal muscle, (2) extract of cat kidney, (3) cat spleen and extract of cat lung, (4) cat 
skeletal muscle. A similar list compiled from the experiments on the destruction 
of the material in SMC which stimulates the n.m. is (1) cat lung and rat lung, 
kidney, liver and intestine, (2) rat skeletal muscle, cat kidne 3 ’' and extract of cat 
kidnej'’, (3) rat spleen and extract of cat lung. The destruction of SMC bj’’ rat 
lung and skeletal muscle depends at least indirectly on an oxidative process, 
since no loss of activity occurred when the incubation was carried out in an at- 
mosphei-e of nitrogen. 

The results of experiments on the destruction bj’’ tissues of the activity of serum 
and SMC on the rat intestine and vessels of the perfused cat tail are given in the 
footnotes to tables 5 and 6. It was found that the actirfty of serum on these 



TABLE 6 


The action on the niciiiaiing membrane of extracts of SMC after incubation with various 

tissues 


KO. OF 
EXFTS. 

iiGix. or SMC 

1 GRAMS OF 
Tissue 

rrsstTE 

RESPONSE 

3 ' 

10-30=^ 

2 

Cat lung 

0 

2 

10-30* 

2 

Extract of cat lung 


4 

12 

0.5 

Rat lung 

Of 

2 

12 

0.5 

Rat lung 

++++t 

1 

27 

0.43 

Rat lung 

±§ 

1 

6* 

1 

j Cat kidney 

0 

1 

30* 

7 

Cat kidney 

+++ 

1 

6* 

1 

Extract of cat kidney 

! 0 

1 

30* 

7 

Extract of cat kidney 

++ 

1 

12 

0.5 

Rat kidney 

0 

1 

10 

0.6 

Rat skeletal muscle 

++t 

2 

12 

0.5 

Rat skeletal muscle 

++ 

1 

12 

0.5 

Rat skeletal muscle 

-f'++++ 

1 

27 

0.43 

Rat skeletal muscle 

++++§ 

2 

12 

0.5 

Rat spleen 

_j — 

1 

12 

0,5 

Rat spleen 

++ 

3 

12 

0.5 

Rat liver 

Of 

2 

12 

0.5 

Rat intestine 

+ 


* Approximate amount. 

t In one experiment, .a similar response was also observed on the -rat intestine. 
I Incubated under nitrogen. 

§ Not tested on the n.m. but on the rat intestine. 

TABLE 7 


The action of cat serum and SMC on smooth muscle and the effect of incubation with tissues or 
of treatment with acid and alkali on their activity 



• 


RESPONSE OF ZNDICATORS 

TEST S0BSTANCE 

■ TREATMENT 


Rat 

Cat tail 

Rabbit 




intestine 

vessels 

vessels 

Serum 


++++ 

+++ + 

4 — hd — h 

4 — 1 — i — h 

SMC 


++++ 

+++ + 

4 — ! — f"4' 

0 

Serum 

Cat lung 

0 




Serum 

Rat lung 

0 

0 

0 


SMC 

Cat lung 

0 




SMC 

Rat lung 

0 

0 



Serum 

Cat kidney 

0 




SMC 

Cat kidney 

0 




SMC 

Rat kidney 

0 





Cnt skeletal muscle* 



' 


feeruin 

Serum 

Bat skeletal muscle* 

0 

0 

0 


SMC 

Rat skeletal muscle 

++ 

++ 




Cat spleen 





SMC 

Rat spleen 

+-!*++ 




SMC 

Rat liver 

0 

0 



SMC 

Rat intestine 

0 




SMC 

NaOH 


++++ 

4-+4'4- 


SMC 

HCl 

0 

0 

0 



* Rat and cat skeletal muscle differ in their effect upon the aeimiy of scrum. 
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indicators as well as on the n.m. was abolished by incubation with rat lung and 
skeletal muscle. The action of SMC on the rat intestine was not diminished 
aftei incubation ^^dth rat spleen or with small quantities of skeletal muscle, but 
was abolished bj’’ incubation with rat liver, lung and a large amount of skeletal 
muscle. 

A comparison of the acti\'ity of serum and SMC on smooth muscle, and experi- 
ments concerned with the destruction of the active material in serum and SMC 
b}’- tissues or chemical agents are summarized in table 7. 

^ Discussion. The results of the present study demonstrate the presence in 
rabbit platelets of substances which act upon the smooth muscle of the rat in- 
testine and rabbit ear ■^'■essels, and the existence in cat platelets of material which 
contracts the n.m. This confirms the work of earlier investigators who have 
shovm that the platelets contain substances which stimulate the rabbit ear ves- 
' sels (Reid aniBick, 1942), and the isolated intestine (T. F. Zucker and Stewart, 
1918; Freund, 1920) as well as arterial strips (T. F. Zucker and Stewart, 1913; 
LeSourd and Pagniez, 1914; Janeway, Richardson and Park, 1918; Reid and 
Bick, 1942), the isolated uteius (Freund, 1920) and the vessels of the perfused 
frog (O’Connor, 1912; Freund, 1920). Since blood which has clotted has no 
greater activitj^' on the n.m., intestine or rabbit ear vessels than do the lysed cells 
from an equal volume of blood, coagulation must release the active constituents 
from the platelets without increasing their amount. Coagulation plays a similar 
r61e in the release of the material which stimulates the isolated carotid artery 
(Reid and Bick, 1942). There is no evidence that the wiiite cells contribute ac- 
tive substances to blood, since disintegrated neutrophiles fail to stimulate the 
smooth muscle of the arterial strip (Janeway et al., 1918), and since lysed lympho- 
cytes do not contract the n.m. or rat intestine. 

The common origin from the blood platelets of the active substances, and the 
similarity of some of the chemical properties of these substances have led several 
investigators (O’Connor, 1912; Greeley, 1929) to assume that a single substance 
is responsible for the activity of serum on all smooth muscle indicators. It wall 
subsequently be showm that this assumption is erroneous. How^ever, two lines 
of e-vddence indicate that a single substance accounts for the effect of serum on 
the cat n.m., rat intestine and on the vessels of the perfused cat tail. First, the 
ratio of the actmty of an acetone extract of semm to that of whole serum is the 
same on each of the three indicators, w^hich might not be the case if more than 
one substance active on these indicators w'ei'e present in the serum. Secondly, 
the incubation of serum with rat lung or with skeletal muscle destroys its activity 
as tested on anj'' one of the three indicators. Similar experiments indicate that 
a single substance is responsible for the actbity of a fraction prepared from the 
buffy coat of human blood (SMC) on the n.m., rat intestine and cat tail vessels. 
First, quantities of SjMC and of a dialysate of eat serum which produce contrac- 
tions of equal magnitude on the n.m. also produce equal responses of the smooth 
muscle of the rat intestine and cat tail vessels. Second^’’, incubation of SjMC 
wath rat lung, liver or large amounts of skeletal muscle, but not incubation watJi 
spleen or small amounts of skeletal muscle, destroys its activity as tested on 
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either the n.m. or rat intestine. vSMC wliich has been treated rath acid fails to 
stimulate the n.m., intestine or cat tail vessels, whereas alkali-treated SMC re- 
tains all of its actmty on the three effectors. 

The substance in SMC which stimulates the n.m,, intestine and cat tail vessels 
is’ identical vitli the material in serum which affects these indicators/ This is 
demonstrated by the fact that the acthdty of a dialysate of cat serum bears the 
same ratio to the activity of SMC when it is tested on any one of the three indi- 
cators, and by the finding that the tissues which destroy the effect of SMC also 
abolish the activity of serum, whereas those tissues which fail to impair the acth’-- 
ity of SMC do not affect that of serum. Although the above evidence is cir- 
cumstantial in nature, it will be assumed in the remainder of this paper that a 
single substance, present in both serum and in SMC, is responsible for their ac- 
tivitj'' on the n.m., rat duodenum and on the vessels of the cat tail. 

The substance which stimulates the n.m., intestine and cat tail vessels is a 
dialysable, heat stable compound, possibl}’- containing one or more amino and 
phenolic or catechol groups. Its failure to raise the blood pressure of the cat, 
which confirms the results of Zipf and Hiilsmeyer (1933), and its stimulant ac- 
tion on the intestine demonstrate that it is not a sympathomimetic amine. Ac- 
cording to Freund (1936), tyramine is responsible for the activity of serum on 
smooth muscle. A consideration of the pharmacological properties of this drug 
indicates that it is not identical with the substance \t'hich stimulates the n.m., 
rat duodenum and cat tail vessels. In agreement vith the conclusions of Freund 
(1920), Guttentag (1931), Zipf and Hiilsmeyer (1933), and Wu et al. (1942), it 
was found that the gut-stimulating substance is neither a choline ester nor his- 
tamine. 

Although the SMC fraction contracts strips of carotid artery, the constituent 
in SMC which acts upon this indicator may prove to be separate from the factor 
which stimulates the intestine, n.m. and cat tail vessels. This is suggested by 
the observation that certain .serum extracts stimulated arterial strips but not the 
intestine (Stewart and T. F. Zucker, 1913), and Iw the finding that the incubation 
of serum with arterial tissue abolished its effect on the former but not on the latter 
indicator (T. F. Zucker and Stewart, 1913). 

Perfusion of defibrinated blood through the lungs abolishes its activity as 
tested on the uterus (Sibul, 193.5), intestine (Greeley, 1929), renal vessels (Bing, 
1941 ), and n.m. To what extent tins indicates the identitj- of the agents which 
stimulate these indicators is not knowm Peifusion through the spleen abolished 
the vasoconstrictor action of defibrinated blood on the renal vessels more effec- 
tively than did perfusion through the kidney (Bing, 1941), whereas incubation 
with" renal tissue abolishas the n.m. stimulating activity of serum more readily 
than does incubation with splenic tis.sue. This suggests cither that destruction 
in vi/ro is effected by a mechanism different from that which occurs in perfused 
organ.s, or that the substance producing renal vasoconstriction is distinct from 
that which contracts the n.m. 

SMC fails to affect the rabbit ear ves-sels, although it contains the substance 
which stimulates the n.m., intestine and -vessels of the cat tail. Since serum and 
platelets constrict the vessels of the/abbit ear, they must contain a vasocon- 
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Stricter factor which is not present in SMC. Little is known about this factor 
except that it is not histamine (Wuetah, 1942; Tsai et ah ,1943; Tsai et ah, 1944). 

A fraction which, like ShlC, contracts the intestine but is devoid of activity as 
tested on the rabbit ear vessels wns prepared by Wu, Fang and Tsai (1942) from 
rabbit serum, either by dialysis or by ether extraction. Tsai, McBride and M. B. 
Zucker (1944) made a more extensive study of the properties of a fraction which 
was prepared from human buffy coat or from rabbit serum by extraction vdth 
ether, and which wns probablj’- identical ivith the fraction described by Wu et ah 
(1942). This fraction stimulated the n.m., rat and rabbit intestine, and cat tail 
vessels but had no effect on the vessels of the rabbit ear. When freed of lipids, 
the active constituent of the ether extractable fraction is, like SMC, insoluble 
in ether. Insufficient evidence is available to determine whether or not the ac- 
tive substance in the ether extractable fraction is identical wdth that in SMC. 
The active agents in the tivo fractions differ in then- response to alkali, the ac- 
tivity of the ether extractable fraction being readily destroyed by treatment wth 
0.1 N NaOH, ■whereas the activity of ShlC is unaffected by one hour of boiling 
in 1 N NaOH. It is of interest to note that the ether extract of rabbit serum con- 
tains only about one-tenth of the activity of the seinm from ■v\^hich it was pre- 
pared, and that the ether extract of the buffy coat contains less than one-tenth 
of the activity of SMC prepared from an equal amount of buffy coat. On the 
other hand, the extract of rabbit serum is about ten times more active by weight 

than is SMC. 

/ 

SUMMARY 

Rabbit serum and lysed platelets stimulate the rat intestine and the vessels 
of the rabbit ear, and similar fractions of cat blood contract the cat n.m., whereas 
plasma and hemolysed red cells have at most a slight effect on these indicators. 
Blood Avhich has clotted has no greater activity on the three types of smooth 
muscle than do the Ij’-sed cells from an equal volume of blood. Disintegrated 
lymphocytes are devoid of activity on the n.m. or rat intestine. These observa- 
tions confirm the conclusions of earlier -workers that the breakdo-wn of the plate- 
lets in shed blood releases the substances w'hich stimulate smooth muscle. 

Lymph contracts the n.m., produces constiiction of the rabbit ear vessels and 
inhibits the tonus and contractions of the rat duodenum. 

The preparation of a pharmacologically active fraction from the buffy coat 
of human blood (SMC) is described . This fraction stimulates the smooth muscle 
of the intestine, uterus, carotid artery, n.m., pupillary sphincter, and vessels of 
the cat tail, but fails to affect the blood vessels of the perfused rabbit ear. A 
single substance appears to be responsible for the activity of SMC on the rat 
intestine, n.m. and cat tail vessels. The identity of this heat stable, dialysable 
substance is unknown; it is not histamine, tjuamine, a choline ester nor a sym- 
pathomimetic .substance. 

Incubation vnth cat lung or kidney, or with rat lung or skeletal muscle destroys 
the effect of serum on the n.m., whereas incubation of serum with cat spleen or 
skeletal muscle fails to diminish its action on this indicator. The .substance in 
SMC which stimulates the n.m. is destroyed by incubation with cat lung or rat 
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lung, Iddney, liver, intestine or skeletal muscle and by prolonged boiling in 1 N 
HCl, but not by incubation ^Yitll rat spleen nor by boiling in 1 N NaOH. The 
activity of SMC or serum on the rat intestine and cat tail vessels is affected by 
incubation with tissues or by treatment with acid and alkali in the same manner 
as is its activity on the n.m. 

The ratio of the activity of a dialysate of cat serum to that of SMC on the n.m. 
is identical with the ratio of their actmties as tested on the rat duodenum and 
cat tail vessels. From this and from the similar effects of incubation with var- 
ious tissues on the activity of serum and SMC, it is concluded that the substance 
in SMC which stimulates the n.m., intestine and vessels of the cat tail is responsi- 
ble for the activity of serum on these indicators. The evidence for the existence 
of other smooth muscle stimulating substances in serum is discussed. 

The author is indebted to Dr. James J. McBride, Dr. Chiao Tsai, Dr. Magnus 

I. Gregersen and to Dr. Richard J. Bing for the helpful suggestions which they 
made during the course of this study, and to Dr. Walter S. Root for his valuable 
assistance in the preparation of the manuscript. 
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I^nowledge of the rate of entrance of sodium isotope ions into the aqueous 
humor and cerebrospinal fluid is of interest in connection Avith the problem of the 
mechanism of formation and the fate of those fluids. Experiments have there- 
fore been designed and carried out to determine the rate at Avhich Rd Na^^ 
approaches equilibrium beUveen plasma and the fluids in question when their 
natural rates of production and removal are not disturbed. 

Experimental. Rd Na’^ was prepared by deuteron bombardment of NaOH, 
which was subsequentl3’' converted to the chloride. Tliis material was used 12 
to 24 hours after bombardment. 

In the .case of the cerebrospinal fluid and aqueous humor radioactivit}’^ was 
determined on dried aliquots of suitable size, employing a Geiger-Mueller counter 
of the /3-ray type, controlled AUth a scale-of-tAvo circuit. In the case of plasma 
the samples AA^ere first ashed in some cases. Control studies haA’^e shoAAm that 
ashing is imnecessaiy. Backgi'ound counts AA’ere made for each run. The back- 
ground count for the instrument emploj’^ed A'aried from daj’^ to day betAveen (A 
and 8.0 impulses per mmute. Blood plasma samples AA’ere of such size and ac- 
tivity as to yield betAA’een ten and fort}’’ times the background count, and aqueous 
humor samples yielded betAA’een four and ten times. Counting AA’as foi 10 to 
30 minute periods, the latter AA’ith samples of loAA’er activity. The probable 
error of radioactiAuty measurement is calculated to be not greater than ±4 per 
cent. Counts for each experiment AA’ere corrected for decay to zero counting 
time.^ 

The movement of sodium from the blood into the aqueous humor and the 
cerebrospinal fluid has been studied in dogs of 10 to 20 kgm. after intraA’enous 
injection of suitable amounts of the radio isotope as sodium chloride in 25 to 50 
cc. isotonic solution. After injection the blood level of Rd Na=^ Avas determmed 
on samples of arterial blood draAA’n at intervals by clean dry synnge from the 
intact femoral artery. The blood Avas rendered incoagulable AA’ith oxalate, and 
plasma Avas employed for analysis. At various times after injection the aqueous 
humor AA’as carefull}’ AAuthdraAA’n from each ej’e into a clean dij’ tu ei cu in synnge 
through a no. ’25 gauge needle inserted at the sclera-comeal border. In each 
case the eye AA’as untouched before sampling and emploj’e on 3 once. is 
Avell knoAA’n that the composition of fluid draAA-n after previous drammg differs 
markedly in composition from the normal aqueous (1). Cerebrospmal fluid aaus 


^ We are indebted to Dr. John H. Williams of the Department 
tion of Rd Na«, and to Dr. Wallace D. Ai^strong of the Divas, on of Physiological Chemistry 

for advice and assistance in the radioactivity measurements. 
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■withdrawn from the cistorna magn/i; 5 cc. samples were ordinaril}’- withdra^\'n. 
In one instance two sucii samples drawn consecutively showed identical radio- 
actmty. 

Observations have been made on eight dogs, five under nembutal anesthesia 
administered intraperitoneally, and three employing 1 per cent cocaine as a local 
anesthetic for paracentesis. The re.sults of a typical experiment under nembutal 
are presented in table 1. It will be noted that the blood level of Rd RV-* did 
not alter after 32 minutes, and that at 39 minutes after injection the radioactivity 
of the aqueous humor was G7 per cent as great as that of the plasma. A few 
minutes later the cerebrospinal fluid .sampled from the cistema magna .showed 
less than half as much Rd Na-i The .second eye, previously untouched,' was 
sampled at a later time and showed a closer approach to the plasma level. 

The results of 16 observations on the aqueous humor and five upon the cerebro- 
spinal fluid are summarized in figure 1. In each case the values for the two eyes 

TABLE 1 


lid expressed as impulses per cubic ccnlivicler per minute corrected to zero counting time 


Tort: 

BLOOD 

AQUEOUS HT71IOR 

CEREBRO-SPZXAL 

FLUID 

PER CENT APPROACH 
TO BLOOD PLAS&fA 
LEVEL 

fBin, 

mumnnn 




0 





5 





10 





24 

98.4 




32 

91.7 ■ 

1 



39 

i 

1 G2.4 left eye 


67 

43 

1 

[ 

27.8 

30 

43.5 



28.6 

31 

48 

92 

, 



51 

• 

74.4 right eye 


81 


are connected. It will be noted that in the five upper lines, which describe the 
results in the experiments upon nembutal anesthetized dogs, there is great uni- 
formity, indicating an approach toward equality of Rd Xa-^ concentrations in 
plasma and aqueous at something over an hour after injection on the average. 
These rates of approach to equilibrium are much more rapid than those observed 
when other methods of study are employed (2). 

In the other three experiments emplo>ing local anesthesia there is decidedly 
less regularity and furthermore the rate of Rd Xa=‘ entrance seems to be def- 
iuitelv lower. Five of the sLx obseiwations fall at points lower than any at similar . 
times in the nembutalized animals, and also below any extended curve for the 
two eyes of any .such animals. It is not impossible that autonomic nervous 
influences played a part in this rather consistent difference. 

It may be noted that the entrance of Rd Xa=-> into the ceiebrospmal fluid was 
much slower than into the aqueou.'^. The rate of entrance is from 25 to 40 per 

cent as great. 
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Discussion. The oliservations reported above represent fundamentall}^ 
measurements of the rate at Avliich a particular cation enters two fluid compart- 
ments in the body, from the blood. If it be assumed, as seems justifled, that Rd 
Na""* ions have properties essentiallj' similar, except for radioactivity, to those 
of Na-^ ions, the rate of Rd Ka"-* movement may be taken as a measure of the 
rate of turnover of total Xa+. 

If one assumes that there is no specific active transport of Na-^ such exchange 
might be of two general sorts. There is first the possibility that the movement 



Fig. 1. Jladioactive sodium concentration in the aqueous humor and cerebrospinal fluid 
of dogs in per cent of the simultaneous plasma level as a function of time after Rd Na- 
injection. Points connected by lines represent aqueous humor from the two eyes of a sing e 
dog withdrawn without previous disturbance of the eye. Sepai ate points indicate cerebro- 
spinal fluid values. The point symbols aie the same for the two fluids from each animal. 
The experiments marked L indicate local anesthesia for paiacentcsis. All mher animals 

were under nembutal . 


represents simple diffusion exchange. A second alternative is that the fluids 
in question are formed anew by ultrafilfrotion from the plasma, and reabsorbed, 
at such rates as to lead to the results observed. There is, moreover no obvious 
reason for excluding the occurrence of both processes siraultaneoii.sly. 

If the rate of formation of the fluids in the aqueous humor and cerebrospinal 
fluid compartments were very slow, as compared with the times here considered, 
the rate of entrance of Rd Xa=‘ into the compartments would constitute a meagre 
of the permeabilitv of the stnictures lining them to Na+. On the otto; han^ if 
the walls of the compartments, aside from the special stnictures for them forma- 
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tion and absorption, were impermeable, or nearly so, to the ion in question the 
1 ate of enti ance of that ion would constitute a measure of the rate of replacement 
of the fluid in the compartment; in other words, a measure of the rate of foimiation' 
and reabsorption of that fluid at the special sites for those processes. 

The further possibility exists that there is an active and speciflc transport 
mechanism for certain constituents of these fluids. For the case in point one 
could conceive of a transport of a sodium salt with gi-eater or less than isotonic 
equivalents of water, and with various proportions of other plasma ciystalloid 
constituents. 

The rapidity of entrance of Rd into the aqueous humor could be accounted 
for by any one or a combination of the following assumptions: 1, that the walls 
of the chambers containing it are freely permeable to Na"^; 2, that there is a very 
rapid turndvej of the total fluid, assuming the latter to be virtually an ultra- 
filtrate; 3, or that a .specific mechanism exists for moving sodium salts rapidly. 
Without other information it is impossible to state which one, or which com- 
bination, of factors is responsible for the results. Similar considerations apply 
in general to the case of the cerebrospinal fluid, except for the differences in the 
geometry of the chambers containing it. Our observations in this connection are 
too scanty to warrant more than the recording of the results obtained. 

The evidence at present available concerning the mechanism of aqueous humor 
formation is contradictory. It is generally agreed that several non-electrolyte 
crystalloids are present in significant!}' lower concentration in the aqueous than in 
the plasma (3). Such evidence is, however, inadmissible as proof of the occur- 
rence of active processes in the formation of the aqueous. Obviously differences 
in the pa.ssive permeabilit}’’ of the membranes involved, with respect to such 
crystalloids, could account for the findings observed,' The concentrations of the 
diffusible ions in plasma and aqueous humor are not in perfect agreement with 
prediction for thermodjmamic equilibrium, but the differences are not great (4). 
However, a consistent difference in total osmotic pmssure as measured bj' vapor 
tension methods has been observed b}' Roepke and Hetheringtoh (5), as between 
blood plasma and aqueous humor, simultaneously drawn. Tlie hyperosmotic 
state of the aqueous is reduced or abolished by intraocular injection of small 
quantities of HgCk- These obseiwations are not in harmony with the more 
simple theories of the mechanisms of formation and absorption of the aqueous. 
Moreover, aqueous humor is absorbed into the blood against venous pressures 
higher than the intra-ocular pressure, according to Friedenwald and Pierce (6). 
Thus, there are at least two lines of evidence indicating that passive processes 
are inadequate to account for the character and the fate of the aqueous humor. 
The experiments reported in this paper add new infonnation concerning the.sc 
problems but do not permit one to choose between the three general alternati\'es 
listed above. Since this paper was prepared a report (7) has appeared in which 
similar observations are described in another animal species. 

sraniARy 

The rate of movement of Rd Na=^ into the aqueous humor and cerebrospinal 
fluid has been measured. The use of radioactive isotopes of important naturally 
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occurring constituents provides a measure of rates of mo^^ement without signifi- 
cant alterations in total ionic concentrations, osmotic pressure or hydrostatic 
pressure. The rate of entrance observed is therefore a measure of normal rates 
of exchange or turnover. In the anesthetized dog the Rd Na-^ concentration in 
the aqueous reaches about 75 per cent of the plasma level 45 minutes after its 
intravenous injection; this represents a much more rapid rate of turnover than 
has been indicated previously by transport studies involving concentration 
differences between plasma and aqueous. The rate of entrance w^as found to be 
somew'hat slower in unanesthetized animals. In anesthetized animals the rate 
of approach to equilibrium betw’-een plasma and the cerebrospinal fluid sampled 
from the cisterna magna is 25 to 40 per cent as great as in the case of the aqueous 
humor. 
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The effects of asp]i 3 ’:K;iation of the caudal part of the spinal cord on the reflex 
actmty in hind legs and tail, on the metabolism of the cord and on its histologj" 
have been described in previous papers (1, 2, 3). In these experiments the cord 
vas asphyxiated at the noimal bod^’- temperature. In order to examine the 
temperature influence on the damage caused bj’' cord asph^Tciation, the results 
of asph 5 ^^•iation at normal bodj'- temperature were compared in the present inves- 
tigation with those at and about 10° lower temperature. * 

Method. The spinal cord was asphjrxiated bj- forcing Ringer solution into 
the isolated caudal part of the dural cavity under a pressure higher than the 
blood pressure (26-28 cm.), thus interrupting the blood circulation in the cord 
(1). The caudal part of the cord and dural cavity were isolated the day preced- 
ing the a.sphyxiation b}'- ligating the dura at Th 10-12 under aseptic precautions. 
As in previous experiments (1, 2, 3) cats were used. 

In the ‘'cold*' e.vperiments the lighth’- anesthetized (nembutal) animal was 
cooled for 20 to 30 minutes in ice water until its temperature had dropped to 
27-28° (rectal). During the period of aspAj-xiation the cat’s temperature was 
kept as constant as possible bj^ evaporating alcohol on the skin or bj* appbung 
hot water bottles as needed. It was possible in this way to keep the variations 
of the bodj’’ temperature within 1° even during an asphyxiation of two hours’ 
duration. The room in which the experiment.? were perionned and the sterile 
Ringer solution used for the asphyxiation were heated to the expected body tem- 
perature (27-28°). The Ringer solution thus entered the dural cavit 3 ' at the 
lowered body temperature. After the cord asplnwiation the animal was heated 
to 37-38° in 30 to 45 minutes. The cat’s temperature was tlien watched for the 
ensuing two to three houre until the temperature regulation had recovered 
suflicientty to maintain a noimal bod 3 " tcmperatui-e. 

In the “wai-m” experiments the bodx- temperature was maintained at about 
38° by the .same means as described for the “cold” a.sphyxiations. The room and 
the Ringer solution again were heated to the cat’s body temperature and the 
Ringer solution thus entered the dural cavity at a temperature of about 38°, 

The reflex activity in the hind legs and tail was noted for a period of 5 days .. 
after asphyxiation, then the animal was sacrificed for the metabolic and hi.stologic 
studies of the cord. This period was selected because it was known from pim ioirs 
experiments that though large changes in reflex activit 3 ', metabolism and histo- 
logical structure take place during the first two days, no important cliange-s , occur 
later than 3 to 4 da.vs after asphyxiation. 
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iE!.IPiL.RiTUR£. AXD ASPHYXIAL SPIXAL COED DAISLIGE 3o 

Hie spinal cord caudal of L5 was removed for the metabolism deterramatiom 
It was divided into four parts: the 6rb and 7rh lumbar segments, the rirsr sacml 
segment and the segments caudal of SI. Tlie oxygen consumption of each of 
these parts was deteimined in Warburg respirometem at SS' in the ^my pimd- 
oush' described C2). 

The 5th lumbar segment was fixed in 95 per cent alcohol, further dehydrated, 
embedded in paraffin and after cutting (15^). stained with toluidine blue. 


TABLE 1 

Thirty-f.re mirattes' cord asphyriadoK 



The figure given for the .nnimars teropor;i‘'W is the aAvrage of temperature readings at 
5 minute intervals during the period of asphyxiation. One plus indicates a slight, two 
pluses a brisk and three pluses a markedly hyperactive kneejcrk,. fiexiou and tail reflex. 
One, two or three pluses indicate the intensity of exaggerated extensor tone. Three pluses 
are given when the leg can be bent only with difticulty. The average Oi consumption of the 
cord caudal of Lo is expressed in mm.-v 100 mgm. of wet tissueAour. The cell number indi- 
cates the number of cells in one anterior horn iu a 15 p thick section of the 5th lumbar seg- 
ment. 

Uesults. a. Effect of So minutes' osphyxiaiioiu In fable lA the results of 
six 35 minute asphjmations at about 3S° are listed. The reflex activih' 5 dn^•s 
after aspht'xiation was'found to be seriously impaired. In none of the animals- 
- could the flexion reflex be elicited; iu only one cat was a trace of kneejerk present . 
In two cats some extensor tone was found. In some of the animals small move- 
ments of the tail could be elicited by pinching. 

The figures for the metabolism give the average oxygen consum]ition of the 
spinal cord caudal of Lo in mm.VlOO mgni. of Avet tissue/hour. This figure was 
computed from the On consumption and the weights of the 4 parts into which tlie 
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cord was divided for the metabolism determination. The gradient of metabo- 
lism found previously (2) in this part of the spinal cord was observed again, the 
more caudal parts of the spinal cord having a higher ox3^gen consumption than 
the more cranial ones. The oxygen consumption of the cord caudal of L5, 3 to 
14 da;ys after ligation of the dura at Th 10-12 but not subjected to asphjociation 
has been deteimined before (2) and was found to be about 65 mm.VlOO mgm. of 
wet tissue/hour. This figure is taken as the control value for all the present 
experiments. Five da3’s after the 35 minutes' asph3’.xiation at about 38° an 
average O2 consumption of 42 mm.^ was found which is considerably below the 
control value and which is in agreement with previous detenminations under 
similar cii’cumstances (2). 

The large nerve cells in the anterior horns were counted in 20 sections of the 
5th lumbar segment. From this an average nximber of neive cells in one 15/x 
thick, section of one anterior horn ivas computed. In 14 noimal cats 40 ± 

1 cells were found per section of one anterior hom. After 35 minutes’ asph3’xia- 
tion at 38° the niunber of neiwe cells was much smaller; an average of onb' 8 
cells per horn was found. 

In table IB the results of six 35 minute asph3'xiations at an a\'erage tempera- 
ture of 27.5° are given. The effects of such an asph3^xiation are quite different. 
In all the animals a brisk kneejerk was present. A pronounced fle.xion reflex, 
accompanied b3'' crossed extension was found in all animals. In some cats the 
excitability of these reflexes was considerabb’ higher than normally found in a 
spinal animal. None of these animals showed exaggerated extensor tone. In 
all 6 eats the tail reflex was present. The average ox^ygen consumption of the 
cord caudal of L5 was 66 mm.®, which is not different from the control value. 
The average of 35 nen^e cells per anterior horn was slightb’’ below the control 
value. 

B. Effect of 60 minutes’ asphyxiation. The effects of 6 experiments in which 
the spinal cord was asph3’Niated for GO minutes at about 38° are collected in table 
2A. No reflex activity at all was found 5 da3’s after asph3'xiation. The cord 
metabolism had dropped to 32 mm.® and in only two animals a few neive cells 
were found in the anterior horns. These results are in agreement vith the effects 
of a GO minute asph3’'.xiation at noimal bod3' temperatmn obseived before (2). 

In table 2B are found the results of six 60 minute “cold” asph3wiations. Con- 
siderable reflex activit3'' was obseived 5 days after aspliA'xiation. The flexion 
reflex, which was sometimes accompanied b3' crossed extension, was often }i3’- 
peractive, making it difficult or even impossible to examine the kneejerk since 
attempts to elicit this reflex resulted in contractions of the flexion muscles of the 
leg. In other animals the kneejerk could be elicited without difficult3'. The 
tail reflex was present in all animals. No exaggerated extensor tone was found. 
The average metabolism of the cord caudal of L5 was 64 mm.®, the same as the 
control value. An a^■erage of 36 cells was found in the anterior horns which is 
slightlv below the number found in the normal 5lh lumbar segment. 

G. Effect of 90 minutes’ asphyxiation. Table 3A shows the results of six 90 
minute asph\-xiations at about 38°. As in the 60 minute e.xperiments no refle.xes 



TABLE 2 


SixUj minutes' cord asphyxiation 



NUMBER i 

anhiae ; 

1 

1 

1 

TEMPERATURE 

ANIMAE 

reele: 

Kneejerk 

SES 5 DAYS A 

Extensor 

tone 

ETER ASPHYX 

Flexion 

reflex 

lATION 

Tail 

reflex 

METABOLISM 

CELLS PER 
HORN IN L5 

A ^ 

13 ' 

38.5 

— 

— 

— 


30 

0 


14 

38.9 

— 

— 

— 

— 

30 

0 


15 

38.0 

— 

— 

““ i 

1 

33 
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16 

38.0 

— 

— 

— 


30 

2 


17- 

37.5 

— 

— 

— 

— 

34 

0 


IS 

38.5 

— 

— 

— 

" — 

32 

0 

Average 

38.2 
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32 
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19 

27.4 

+ + 


+ + + 

+ 

67 

40 


20 

27.8 

4: 

— 

+ + + 

+ + 

68 

41 


21 

27.. 1 

+ + 

— 

+ 
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59 

26 


22 

27.6 

++ 

— 

+ -f 

+ 

61 

38 


23 

27.1 

* 

— 

+ + + 

+ 

64 

35 


24 

26.3 

+ 

— 

++ 

++ 

63 

37 

Average 

27.2 



! 


64 

36 


* In these cases the flexion reflex was so hyperactive that any attempt to elicit the knee 
jerk resulted in flexion of the leg. 

See note below table 1. 


TABLE 3 


Ninety minutes’ cord asphyxiation 



NUMBER ’ 
ANIMAL 

TEMPERATURE 

ANIMAL 

REriE: 

Kneejerk 

XES 5 DAYS A 

Extensor 

tone 

ETER ASPHT'X 

Flexion 

reflex 

lATlON 

Tail 

reflex 

iHETABOLISM 

CELLS PER 
HORN IN L5 

A 

25 

37.5 



— 

— 

39 

0 


26 

37.7 

— 

— 

— 

— 

33 

0 


27 

38.9 

— 

— 

— 

' — 

29 

0 


28 

38.0 1 

i 

• _ 

— 

— 

38 

0 


29 

37.8 

— 

— 

— 

— 

40 

0 


30 

38.4 

1 

1 


1 

30 

0 

Average 

■ 38.1 


j 



35 


' ® 

31 

27.8 

t 

++ + 

(+) 

+++ 

51 

15 


32 

27.5 

+ + 1 

— 

+ + 

H — 

58 

40 


33 

26.6 

++ 

+ 

+ + 

+ 

53 

38 

— : 

34 

26.8 

* 

+ 

+ + + 

+ 

50 

31 


35 

27.1 

-j — j — [- 

— 

+ + 

+++ 

61 

33 


36 

27.6 

* 

— 

++ + 

1 

++ 

55 

32 V 

Average 

27.2 




• 

55 

32 


* In these cases the flexion reflex was so hyperactive that any attempt to elicit the knee- 
jerk resulted in flexion of the leg. 

, t The extensor tone was so high that the kneejerk could not be examined. 

See note below table 1. 
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I 

were present 5 clan's after asphj'xiation. No nerve cells were found in the anterior 
horns. The O 2 consumption in some animals was slightl}- higher than in the 
60 minute experiments. A marked proliferation of the interstitial cells ^vas 
found in some of these cords Avhich may account for this higher metabolism. 

The results of six 90 minute asph5%xiations at about 27° are given in table 3B. 
Considerable reflex activity was still present 5 days after asphyxiation. Though 
no crossed extension was observed, the flexion reflex could be elicited in all the 
animals. This reflex was so hyperactive in two cats that it masked the kneejerk. 
In three cats exaggerated extensor tone was present. In one animal this tone 
was so, high that the kneejerk could not be examined. In three cats hyi^eractive 
kneejerks could be elicited. The tail reflex was present in all cases, in some it 
was hyperactive. The cord metabolism showed an average of 55 ram.-^, which 
is definitel.y below the control value. The number of cells found in the anterior 

TABLE 4 


O/ie hundred iwcnUj minutes' cord asphyxiation 




SETLEXTS 5 DAYS EFTER ASPHYXIATION' 



KUMBER 

TEMPERATCT.E 





METABOLISif 

CELLS PER 

AKIitAL 

ANUIAE 

Kneejerk j 

Extensor 

tone 

Flexion 

reflex 

Tail 

reflex 

noRX IN' L5 

37 

27.3 

— 


— 

— 

42 

4 

38 

27.7 i 

+ + 

— 

++-!■ 

+ 

55 

34 

39 

27.5 

+ 

+ + 

+ 

+ 

57 

18 

40 

27.4 

— 

— 

— 

— 

44 

4 

41 

26.3 

— 

+ 

+ 

(+) 

44 

28 

42 

27.2 

-f 

+ + 


+ 

, 49 

12 

Average. . 

27.2 

! 




49 

17 s 


See note below table 1. 


horns (32 cells) was reduced as compared with tlie number found in the GO minute 
‘•'cold” experiments. 

D. Effect of 120 minutes’ asphyxiation. The results of six 120 minute “cold” 
asphy.xiations are presented in table 4. In two animals no reflex aetivitj' was 
present 5 days after asphyxiation. The cords of these animals showed a low 
metabolism and cell count. In the other animals the flexion and tail refle.xes 
were present. No crossed extension was seen. In some of the cals an exag- 
gerated extensor tone was jnesent and the kneejerk could be elicited. The 
metabolism and especially the cell number in the anterior horns were higher in 
the animals which showed reflex activity than in the two in which all reflex activ- 
ity was absent. 

*E. Cooling of ter asphyxiation at normal body temperature. It has been found 
that the damage caused by asph\'xiation of the cord is not apparent immediately 
after asphraation (2). Shortly' after a GO minute asphyxiation reflexes may re- 
turn and the metabolism may become almost as high as before asphyxiation. 
After a number of hours, however, the effects of asphraation become noticeable; 
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the reflexes disappear, the cord metabolism decreases and histological changes 
develop. It seemed of interest to examine the effect of cooling the animal during 
the time that the changes in the cord appear, after asphyxiation at normal body 
temperature. A few cats were cooled in ice water immediately after a 35 minute 
asphyxiation at 38°. These animals then were kept for the next 24 hours in a 
water bath regulated at 28 to 30° which kept the body temperature at 30 to 31°. 
A light narcosis was maintained with nembutal during tliis period. Five da 3 ^s 
after the end of the cooling period the reflexes were noted and the metabolism 
and histolog}'' of the cord were examined. The reflexes and the values for metab- 
olism and cell number were vdthin the variations found for the six “warm” 
, 35 minute asph 3 ^xiations collected in table lA in which the asplij'^xiatioii was not 
followed by a period of low bodj'^ temperature. It thus seems that once the cord 
is damaged b 3 ’' asph 3 mation, coohng has no counteracting effect any more. 

F. The metabolism of the normal spinal cord at 28°. In 6 normal cats the ox 3 ’^gen 
consumption of the spinal cord caudal of L5 was determined at 28°, ten degi-ees 


TABLE 5 

1 Cord metabolism at £8° in millimeter^ of Oi/100 mgm. tissue/hour 


NUMBER 

L6 

L7 

SI 

TAIL 

L6-TAII. / 

43 

30 

39 

50 

60 

42 

44 

24 

27 

31 

47 

32 

45 

' 26 

31 

32 

51 

35 

46 

23 ■ 

25 

32 

41 

30 

47 

30 

41 

35 

50 

39 

,48 

34 

37 

36 

4«1 

. 37 

Average 

28 

33 

36 

50 

36 


The metabolism at 28’ of tHe 6th and 7th lumbar, the first sacral segment and of the seg- 
ments caudal of SI (tail) are given. In the last column the average metabolism of the cord 
caudal of L5 are shown, computed from metabolism and weight of the parts. 


below the temperature at which the control value was determined. The results 
are shown in table 5. The normal cord at 28° has an average oxygen consump- 
tion of 36 mm.^, which is slightly more than half the consumption of the cord 
at 38°. The gradient of metabolism in this pa^rt of the cord isvwell demonstrated 
in the table. The most caudal parts have the highest metabolism. 

Discussion. During the first two da 3 ’'s following a severe damage to the 
spinal cord, by asphyxiation, a temporar 3 ’^ return of tendon reflexes and extensor 
tone has been observed, and also of the flexion reflex after slightly shorter asplyod- 
ations (1). After less severe damage reflex acti'^dt 3 ', once it has recovered, re- 
mains for the rest of the animaks life. In the latter cases when the damage has 
been relative^ severe a high extensor tone is frequentb" the most pronounced 
remaining reflex, though other reflexes usualte.have been present during the 
first two da 3 ^s after asph 3 ’xiation. When the damage has been lighter other 
reflexes also remain peimanentbL These reflexes are often h 3 'peractive (1, 3). 
After short periods of asph 3 'xiation reflex activit 3 '' ma 3 ' return to normal. 
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In the 35 minute ‘Varm” experiments the damage to the spinal cord has been 
quite severe. Ail the animals showed exaggerated extensor tone and brisk 
tendon reflexes during the first two da 3 's, and in some cases a flexion reflex. Five 
daj's after asplij-xiation very little of this reflex activit 3 ^ remained. The metab- 
olism and the number of cells in the anterior horns were greatly diminished. 

The h 3 ’peractivit 3 - of the kneejerk, flexion reflex and tail reflex often obsen^ed 
in the 35 and 60 minute “cold” experiments indicates onl 3 ^ a mild damage of the 
spinal cord which in none of the cases was severe enough to produce an exag- 
gerated extensor tone in the leg. Though the numbei- of cells in the anterior 
horn was slightl}* lower than in the control animals, the figures for the cord 
metabolism were about the same as the control value. Usuall 3 " there is an in- ' 
crease in the interstitial cells 5 da 3 "S after asph 3 ’xiation, which ma 3 " account for 
Ihe discrepanc 3 '' between the slighth' lower cell number and the normal metab- 
olism. 

After 90 and especiallv after 120 minutes of “cold” asph 3 o:iation the damage 
to the cord is more severe. In the 90 minute experiments h 3 'peractive reflexes 
are still found, but in some animals the damage to the cord has been sufficient 
to produce a permanent, exaggerated extensor tone. In some of the 120 minute 
e.xperiments the same reflex activit}' was found, but in others no reflexes at all 
were present 5 da3’-s after aspln’-xiation. The average metabolism and cell 
counts of the 90 and even more of the 120 minute experiments are considerable* 
beloev the control e'alues. 

Bass (4) found an avei'age Q 10 of the metabolism of about 1.6 for guinea pig 
spinal cord at temperatures ranging from 14° to 20°. Himwich, Bovman, 
Fazekas and Goldfarb (5) determined the o.xygen consumption of minced rat 
brain over a temperature range of 25 to 45°, their figures indicating a Q 10 of 
about 2.2. In the present experiments a metabolism of 36 mm,® was found for 
the normal spinal cord at 28° as compared to an oxygen consumption of 65 mm.® 
of the same part of the cord at 38°. The processes involved in the oxygen uptake 
of the cord thus increased about 1.8 times when the temperature was increased 
from 28 to 38°. 

A comparison of tables lA and 4 shows that even a 120 minute aspinwiation 
at a temperature of 27.2° does not damage the reflex acti^'it 3 * of the cord as 
se^'erebv, nor does it reduce the metabolism and cell number, as di’asticalfv-as a 
35 minute asph 3 *xiation at 38.2°. Thus the damage caused at 38° by a 35 
minute asph 3 *xiation is more severe than a 3.4 times longer asph 3 '.xiation at an 
11° lower temperatui-e. This shows that the tempei-ature coefficient of the pro- 
cesses ultimately resulting in neiwe cell destmction isliigh. Their Q 10 is probabh* 
more than 3 and thus considcrablv higher than that of the processes im'olved in the 
o.xygen uptake of the cord. 

smvnrAKV 

The spinal coi-ds of cats were a-spln-xiated for various time.? at normal bod 3 * 
temperature and at an about 10“ lower tempeiatuie. 

The damage of the cord as indicated by the changes in its reflex activit 3 ', 
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metabolism and liistological structure caused by a 35 minute aspln^iation at 
38° is more severe than that after a 120 minute asphjociation at 27°. It can be 
concluded that the processes causing the cord' damage have a large temperature 
coefficient. 
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Previous repoits (1-6) have demonstrated conclusively that general anesthesia 
vdth certain of the barbiturate series of drugs, such as sodium amytal and 
pentobarbital sodium, causes a dilatation of the spleen with sequestration of red 
blood cells in that organ and consequenth' a marked decrease of the hemoglobin 
and red cell content of the circulating blood. 

This report summarizes further observations of this phenomenon, including 
a study of the effect of bleeding intact and splenectomized dogs that were under 
pentobarbital sodium anesthesia. 

Methods. Six healthy dogs were anesthetized intravenously’- with 25 to 30 
mgm. of pentobarbital sodium per kilogram of body weight. Samples of blood 
for hemoglobin deteimination rvere obtained bj’^ venipuncture immediately 
before anesthesia and at twenty or thirty minute intervals thereafter for three 
hours. The hemoglobin content was determined by the technic of Sanford and 
Sheard (7) using the Cenco-Sheard-Sanford photelometer, all determinations 
being done in duplicate. All the venipunctures and determinations of hemo- 
globin were done by' one penson to minimize and standardize the peisonal en-or. 

Several day's after the original studies the same dogs were restudied in a similar 
manner except that they were bled 30 cc. per kilogram of body weight in five 
minutes from a cannula inserted into a brachial arteiy, the bleeding being done 
immediately' after the first postanesthetic blood sample had been taken. In 
addition the concentration of hemoglobin was determined twenty-four hours 
later and the blood, which had been defibrinated, was returned to the dog. 
One week later the dogs were splenectomized while they' were under ether anes- 
thesia. Two to three weeks after splenectomy the foregoing studies of the blood 
were repeated. ’ 

Results. 1. Pentobarbital sodium anesthesia of intact dogs. Twenty minutes 
after anesthesia the hemoglobin concentration averaged 79 per cent of the pre- 
anesthetic level (range 67 to 90). During the ne.xt hour there Avas a further 
decrease to 75 per cent (range G4 to 89). Three hours after anesthesia the con- 
centration had risen to S3 per cent (range 74 to JOG). 

2. Pentobarbital sodhan ayicsthesia of intact dogs followed by a hemorrhage of SO 
cc. per Ulogram of body vxight in five minutes. Twenty minutes after anesthe.sia 
the hemoglobin concentration averaged 84 per cent of the prc-anesthetic level 
(range 73 to 97). Twenty'-five minutes after the hemoniiage the concentration , 

1 Fellovr in Medicine, Maj'o Foundation. 
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had risen to 90 per cent (range 83 to 105). The concentration remained approxi- 
mately the same during the next thi’ee hours but after tiventy-four hours it had 
fallen to 82 per cent (range 76 to 99). 

3. Pentoharhital sodium anesthesia of splenectomized dogs. Twenty minutes 
after anesthesia the concentration of hemoglobin averaged 93 per cent of the 
pre-anesthetic level (range 89 to 95). There was a stead}' rise during the next 
two and a half houm and at the end of the experiment the concentration averaged 
100 per cent (range 94 to 108). 

4. Pentoharbiial sodiwn anesthesia of splenectomized dogs followed by a hemor- 
rhage of 30 cc. per kilogram of body toeighi in five mimites. Twenty minutes after 
anesthesia the hemoglobin concentration averaged 100 per cent of the pre-anes- 



Fig. 1. Changes of the concentration of hemoglobin of the blood of intact and splenec- 
tomized dogs under pentobarbital sodium anesthesia with and without hemorrhage (30 cc. 
per kgm. of body weight in 5 min.). 

thetic level (range 92 to 106). Twenty-five minutes after the hemorrhage the 
average concentration had fallen to 80 per cent (range 72 to 87). There was a 
slight rise during the following two and a half hours. Twenty-four hours later 
there load been a marked drop of the concentration, the average being 66 per cent 
(range 55 to 74) (fig. 1). 

Comment. These experiments confirm the previous work showing that pento- 
barbital sodium ane.‘=;thesia of intact animals causes a reduction of the concentra- 
tion of hemoglobin and that this, change is almost completely absent after 
splenectomy. 

That dilatation of the spleen is the major cause of the decrease of concentration 
of hemoglobin is now an established fact. The mechanism by whicli barbiturate 
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Jiuestliesia produces dilatation of the spleen is not known. Searles and one of' us 
(Essex, 4) showed that deneiwation of tlie spleen did not have any effect on the 
dilatation that follows sodium amjdal anesthesia. It has been suggested that 
the complete relaxation of the animal is the cause of the dilatation and Price, 
Hanlon, Longmire and' Metcalf (8) showed that rest alone would reduce the 
hematocrit value 6 to 8 points. We have also obseived this phenomenon. With 
this in mind a series of four dogs was anesthetized with pentobarbital sodium 
and then given strenuous passive exercise (flexing and extending the extremities 
. and turning the dog from side to side) for twenty minutes. At this time the 
hemoglobin concentration had dropped to 82 per cent (range 81 to 84) of the 
pre-ahesthetic level in sjiite of the exercise. After twent}*' additional minutes 
during which the dogs were at complete rest the hemoglobin concentration still 
averaged 82 per cent of the pre-anesthetic level (range 7G to 86). It should be 
noted that Cook and Rose (9) showed for cats anesthetized with sodium amytal 
that exercise induced by stimulating nerves with an electric current would pro- 
duce a contraction of the dilated spleen. 

Adolph and Gerbasi (3) pointed out that sodium amytal anesthesia caused 
a. drop of the blood pressure and therefore would allow some migration of fluid 
from the tissues to the blood stream. This would account for a small part of the 
decrease of hemoglobin concentration. Barbour (10) demonstrated that amytal 
anesthesia of the rabbit caused a shift of some cellular ivater into the blood 
stream. This shift of bodj’ fluid may account at least in part for the small 
decrease- of concentration of hemoglobin in the splenectomized dog when anes- 
thetized with one of the drugs of the barbitmate series. 

The reaction of the dogs to acute hemorrhage was quite different in the two 
series of experiments. The intact dogs showed a marked increase of the con- 
centration of hemoglobin after the hemorrhage and at the end of twenty-four 
hours still had 82 per cent of their pre-anesthetic concentration of hemoglobin. 
After splenectomj’’ the dogs shoAved a marked fall of concentration of hemoglobin 
after the hemorrhage and after twenty-four hours had onl}’- 66 per cent of their 
pre-anesthetic concentration of hemoglobin. 

The difference of reaction to hemonhage appears to be due to the dilated 
spleen acting as a reservoir of blood, high in eiythrocjde concentration, upon 
Avhicli the body can call AvheneA-er the need arises. That this difference is of 
great value in protecting the intact animal against hemorrhage has been shovm 
by Lehman and Amole (11), who compared the effects of bleeding a large series of 
normal and splenectomized dogs while the animals were under sodium amjdal 
anesthesia. The dogs were bled 5 cc. per kilogram of body Aveight cA^ery five 
minutes until profound shock or death occurred. There Avas a more precipitous 
fall of the blood pressure of the splectomized dogs and the death rate was much 
higher in this group at the end of thirty minutes than for the normal animals. 

In our series all dogs survi\'ed the loss of 30 cc. of blood per kilogram of body 
AveigUt in five minutes before splenectomy. Only one of them died from such a 
hemorrhage after splenectomy and that one liad only 7.8 grams of hemoglobin 
per 100 cc. of blood prior to the liemonhage. 
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SUMMARY AND CONCLUSIONS 

On the Jiasis of observations on six animals the following conclusions are 
drawn: 

1. General anesthesia of intact dogs with pentobarbital sodium administered 
intravenously causes a decrease of the concentration of hemoglobin. 

2. Strenuous passive exercise after the administration of the anesthetic will 
not prevent the dem-ease of concentration of hemoglobin. 

3. There is almost no decrease of concentration of hemoglobhi when the 
splenectomized dog is anesthetized with pentobarbital sodium. 

4. Acute hemorrhage (30 cc. per kgm. of bod}-- weight in 5 min.) of intact dogs 
anesthetized with pentobarbital sodium causes an increase of the concentration 
of hemoglobin followed by a slow decrease. 

5. Acute hemorrhage of the splenectomized dog under pentobarbital sodium 
anesthesia causes a rapid decrease of concentration of hemoglobin. 

REFERENCES 

(1) Bourne, W., M. Bruger and N. B. Dreyer. Surg., Gynec. and Obstet. 61: 356, 1930. 

(2) Adolph, E. F., M. J. Gerb.a.si and M. J. Before. This Journal 104: 502, 1933. 

(3) Adolph, E. F. and M. J. Gerbasi. This Journal 106: 35, 1933. 

(4) Searles, P. W. and H. E. Essex. Proc. Staff Meet., Mayo Clin. 11: 481, 1936. 

(5) Essex, H. E., S. F. Seeley, G. M. Higgins and F. C. ABlnn. Pxoc. Soc. Exper. Biol. 

and Med. 36: 154, 1936. 

(6) Hausner, E., H. E. Essex .4ND F. C. Mann. This Journal 121: 387, 1938. 

(7) Sanford, A. H. and C. Sheard. J. Lab. and Clin. Med. 16: 483, 1930. 

(8) Price, P. B,, C. R. Hanlon, W. P. Longahre and W. Metcalf. Bull. Johns Hopkins 

Hosp.69:327, 1941. 

(9) Cook, S. F. and M. I. Rose. This Journal 92: 240, 1930. 

(10) Barbour, H. G. Anesthesiology 1: 121, 1940. 

(11) Lehsian,E.P.andC. V. Aaiole. Surger}’-4:44, 1938. 



AUGi\'IENTATIO]N' OF LEFT CORONABY INFLOW WITH ELEVATION 
OF LEFT ^TSNTRIGULAR PRESSURE AND OBSERVATIONS ON 
THE iVIECHANISiH FOR INCREASED CORONARY INFLOW WITH 
INCREASED CARDIAC LOAD^ 

DONilLD E. GREGG and ROBERT E. SHIPLEY 
From the Department of Medicine, Western Reserve University, Cleveland, Ohio 

Received for publication Ma}' 1, 1944 

The coronaiy response to changes in the load put upon the right or left ventricle 
has been the subject of nianj^ investigations. In experiments with the isolated 
beating heart (1) or heart-lung preparation (1, 2, 3), elevation of right ventricular 
pressure b 3 ’"«.constriction of the pulmonarv arteiy is reported to have reduced 
the blood supplj' to the ni 3 'oeardium of the right ventricle. Using the same 
types of preparation (1, 4, 5) and also with the heart beating in situ (6), the same 
and other investigators state that elevation of left ventricular pressure by aortic 
constriction (coronaiy perfusion pressure kept constant) caused a comparable 
reduction in blood flow to the ra 3 mcardium of the left heart. However, in a 
recent communication from tliis laboratoiy (7), e.xperimenfs were presented 
which demonstrated that progi’essive elevation of right ventricular pressure b 3 ' 
constriction of the pulmonaiy arter}-, in the anesthetized open-chest dog, was 
accompanied by' a considerable and sustained augmentation of right coronary’ 
inflow and a smaller but definite increase in left coronaiy inflow. The present 
report is a continuation of the in^'estigation and embraces 1, the study’’ of in- 
creased load upon the left heart versus left coronaiy inflow, and 2, consideration 
of the mechanisms responsible for the obsen'ed coronary' inflow rihanges when the 
load upon either ventricle is increased. 

Left coronary inflow versus elevation of left ventricular 'pressure. The animal 
preparation was similar to that used in the previous studies (7) and consisted of 
an anesthetized- dog under artificial respiration and the chest plate removed. 
After injection of anticoagulants®, the left common carotid arteiy' was cannulated 
centrally and an appropriate rotameter (8) connected to the cannula. From 
the rotameter, blood was led to another cannula placed either in the left coronary' 
arteiy or its circumflex branch. In the former instance, a special cannula was 
inserted into the aorta through a slit in the brachiocephalic arteiy and secured 
in the left coronaiy orifice by a tie around the vessel close to the aorta. Eleva- 
tion of left ventricular pre.ssUre without elevation of central coronary pressure 
was effected in different experiments in two way’s: 1. Both right and left coro- 
nary' arteries were isolated at their respective origins and a cord passed beneath 
the aorta and another cord passed over the aorta, both being placed central to 

’ The expenses of this in%'estigation were defrayed by a grant from the Commonwealtli 
Fund. 

- Sodium pentobarbital, 20 mgm./kgm. 

s Combin.ation of heparin, 100 units/kgm, and pontamine fast pink, 150 mgm./kgm. 
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the coronary orifices. Lateral traction on the cords means of a special re- 
tractor compressed the aorta in its anteroposterior diameter, thereby raising left 
ventricular pressure. 2. In some experiments, in -which the left coronaiy artery 
was isolated and cannulated for flow measurement as above, the right coronan^ 
arterj’’ was cannulated 1 cm. or less from the aorta and independentlj’- supplied 
with blood from a side tube connected to the carotid cannula. In this instance, 
aortic constriction was accomplished by constriction of a “snare” loop of cord, 
placed around the ascending aorta peripheral to the coronary orifices. Central 
coronary perfusing pressure (aortic pressure) could be regulated in both cases 
bj'- an adjustable clamp on the aorta near the diaphragm. 

Elevation of left ventricular pressure b}'- either method was consistent!}" accom- 
panied by a definite and sustained increase in left coronar}" inflow. The results 
graphically illustrated in figure 1 A and B are representative of the changes which 
occurred in repeated determinations in each of six experiments. The increase 
in flow to the left heart which accompanies elevation of left ventricular pressure 
compares with the increased inflow to the right heart when right ventricular 
pressure is elevated (7). 

Mechanism for increased coronary flow accompanying elevation of ventricular 
pressure. I’iTlien the aorta or pulmonary arteiy is parfiall}" occluded, the re- 
sistance to s 5 "stolic discharge is increased and the load under which the respective 
ventricles must operate also increases. If it is not overloaded, the heart is able 
to continue to function under an artificially increased load, at least within the 
limits of acute experiments. This is made possible, in part at least, b}' the fact 
that the blood supph" to the heart is increased under these conditions, as shown 
here and in a previous communication (7). It is therefore not uiu'easonable to 
expect that an increased load upon either ventricle would demand a significant 
, increase in coronaiy inflow if the work and metabolism are similarl}" increased. 
Accordingly, experiments were designed to estimate changes in the latter factors 
when the resistance load to either ventricle was increased. 

The work of each ^'entricle A^'a.s roughly estimated from the product of maximal 
\'entricular pressure and cardiac input. The former was determined b}" a Gregg 
pressure manometer (9). ^Measurement of inflow to the heart was made with a 
large rotameter attached to a special cannula, designed by R. E. S. (cf. fig. 2) 
and inserted into both venae cavael Coronary oxygen utilization was estimated 
from the product of coronary flow and A-VO 2 difference. For the left ventricle, 
the A-VO 2 difference was deteiTnined from samples drawn from a side tube in the 
coronar}" arteiy cannula and from the great cardiac vein. For the right ventricle, 
the venous sample was taken from a cannulated anterior cardiac vein (10). 

T}"pical data obtained with aortic and pulmonar}' artery constriction are 
presented in table 1, parts A and B. These show that 1. as ventricular pressure 
is raised, cardiac input is decreased proportionate!}' less, thereb}" resulting in a 
net increase in work of the ventricle; 2, as the work is increased, the A-VOjdif- 

* The azj'gos and any other veins not included in the cannulation were tied off. In these 
evpcriments, venous blood returning from the coronarj' circuit was not included in the 
measurement of cardiac input. < 
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- ference is further increased, largely because of the reduction in venous O2 content. 
The increased rate of coronary flow together uith the increased A-VO2 difference 
indicates a veiy considerable rise in O2 utilization. 



Fig. 1, parts A and B, Bar graphs showing the effect of augmentation of left ventricular 
pressure on coronary inflow; (part A, left coronarj' inflow; part B, left circumflex inflow). 
Solid black bars, systolic and diastolic left ventricular pressures; hatched segment within 
each bar, aortic (coronary perfusing) pressure; white segment within each bar, coronarj’ 
inflow. Abscissa— C, control; numbers denote minutes’ duration of aortic constriction. 
Common ordinate scale for all pressures in millimeters of mercury and flow in cubic centi- 
meters per minute. 

Parts C, D, E and F, photographs of original records showing the effects of elevation of 
right ventricular pressure on right coronary inflow. Upper curve in each segment, mean 
right ventricular pressure with values in millimeters of mercury indicated by numbers 
adjacent to curve. Lower curve, mean right coronary inflow with values In cubic centi- 
meters per minute indicated by numbers adjacent to curve. See text for details and further 

description. 


The jireceding e.xperiment.s have demou.sirated that the increased O2 utilization 
was related not only to the increa.se in rate of coronary blood flow but also to the 
more thorough extraction of O2 from the blood. It was therefore of interest to 
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determine if the coronary flow increase would still occur if either the control O2 
content or rate or coronary flow were artificialh* elevated to supernonnal ler’els. 

Increased Oo content. The preparation was the same as before except that O2 
was administered through the intratracheal tube. The control coronar}’^ A-VOs 
difference was thereby decreased and the O2 content of the arterial blood in- 
creased almost to capacity. However, the rate of coronary inflow still increased 
■with ventricular pressure elevation (cf. table, part C). 



Fig. 2. Scale drawing (1.2 X actual size as seen from above) of special cannula used 
to measure cardiac input in dogs weighing from 8 to 12 kilo. Cannula is made from js inch 
brass tubing "with •jV inch ■'^■all. Side tube (B) is soldered to, and communicates with, main 
tube. Thin-walled" (0.006 inch) sleeve (D) fits snugly .within main tube and rests against 
"stops” (C). A stiff brass ■wire connects sleeve -^vith ball (G). Side opening (E) is drilled 
to same diameter as main tube. Tlie cannula is inserted as follows; a short piece of rubber 
tubing is attached to side tube (B) and clamped. The superior vena cava is clamped 
cephalad and cut half way through about 1 cm. above its junction with the right atrium. 
The cannula end (F) is inserted through the short length of cava remaining, through the 
right atrium and on into the inferior vena cava where it is held in place by a tie around the 
groove at the end (F) . The short segment of superior c.ava is secured with a tie around the 
main tube close to the junction with side tube (B). The superior portion of the superior 
cava is pulled over the cannula end (A), tied in place, and imclamped. Blood now enters 
the right atrium from both cavae through opening (E). .A. rotameter of proper capacity 
and sensitivity is attached to side tube (B) and its return tube attached to a large cannula 
tied in the tip of the right auricular appendage. Suction applied to the top of the rota- 
meter replaces its contained air with blood. By manual traction through the thin-walled 
inferior cava, the ball (G) is pulled c.audad in small increments until the sleeve (D) rests 
against other stop, in which position it shuts off the outflow through opening (E) and all 
blood passes through the rotameter before entering the heart. 


Increased blood supply. For this experiment, tlie right coronary arterr was 
jterfused witli blood under constant pre.'=snre, first at the prevailing aortic jire.-'.-iirc 
and then at a much greater pre..«'Urc both before and during pulmonary alter. 
con.striction. A rubber bulb with a]}propriate valves and an attached air cham- 
ber, inserted between the carotid cannula and rotameter, 'was intermittently 
compre.ssed so as to give an essentially constant perfusing pressure as read on a 
men-ury manometer. The data from .such an exiiprimcnt shown in table^ 1, 
]iari D. indicate that an increase in right coronary iufiow still occurre^I during 
elevation of right ventricular pressure de.sjifte the met tliat increasing ri)>* ci/ro- 
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TABLE 1* 



(1) 

AORTIC 

BLOOD 

BRES- 

S0RE 

(2) 

RIGHT 
vE?r- 
TRICD- 
XAR • 
SYS- 
TOLIC 
PRES- 
SURE 

(3) 

RIGHT 

CORO- 
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CARDIAC 

IN'RUT 

1 <5) 

WORK 

TREND 

COiniENTS 

A 

88 

85 

86 

80 

79 ; 

i 

1 

18 

43 

45 

56 

63 

cc./niin. 

10.0 

13.2 

13.2 

15 

15.8 

i 

cc./min. 

680 

628 

655 

590 

604 

« X 
(4) 

12200 

27000 

29500 

33000 

38000 

i Control 

Pulmonary artery constricted 

1 min. 

i 

Pulmonarj' artery constricted 

2 min. 

Pulmonary arter^'- constricted 

3 min. 

Pulmonar 3 ' arterj” constricted 
4.5 min. 

Pulmonary artery 
constriction ver- 
sus work of 
right ventricle 

( 

! 

b| 


% i 

i 

14 

44 

: 13 

1 

4 

7,5 

13.0 

1 

6.0 

1 

j 1 

OXVCEN* COHTEHXj 

A-VO, 

OtFE. 


1 Right 
[ coro- 
i nary 
i arterj' 

An- 

terior 

cardiac 

\-ein 

to!. % 

15.84 

15.80 

16.03 

1 

to!. % 

4.89 

2.23 

5.38 

10.95 

13.57 

10.65 

j Control 

j Pulmonary' arterj’ con- 
striction 

j Hecoverj’ after release i 
j of pulmonarj* arterj* 

Pulmonarj'' arterj* 
constriction ver- 
sus A-VOj dif- 
ference and 0: 
utilization 

1 

1 

i 

! 

1 

83 

SO 

1 40 
: 64 

‘ 16.0 j 

20.0 I 

14.50| 

13,75' 

1 

4.66 

3.12 

9.84 

10.63, 

} Control j 

1 Pulmonarj'^ artery’ con- 
j strict! on 

c 

74 

18 

8.5 t 

..J 
1/ . /oj 

7.86 

9.89 

Control 

Intratracheal o.\'j'- 


74 

40 

16.5 ; 

I6.25j 

6.32i 

9.93 

Pulmonarj’ arterj' con- 

gen administra- 





i 

i 


striction 

tion. Arterial 


73 

18 

: 8.5 1 
i 

16.55' 

7.47| 

9.08 

1 

Recoverj' 

Os capacity 

D 


IS 

11.0 ^ 

14.46; 

0.94 

7 . 52 ! 

Control 

Right coronarj’ ar- 


1 SO 

45 

15.0 I 

14.44, 

G.18 

8.261 PuJmonarj" artovy con- i 

terj' perfused at 


1 


1 

1 


, 1 

striction , 

aortic pressure 



17 

31.0 ; 

13.51’ 

10.43 

3.0sj 

Control 

Right coronarj' ar' 


SO 

45 

35.0 

14.53i 

9.38 

5.15 

Pulmonarj' arterj’ con- 

terj' perfused at 





J 



striction 

200 mm. Hg 





1 

1 



1 

pressure 


* We are indebted to M. Daus of this department for the blood gas analyses. 


narv perfusion pre-ssure from SO to 200 mm. Hg almost trebled the control blood 
flotr and 0.^ supply. 

Reflexes. Although intra- and extracardiac reflexc.s v.-cre coirsidered as possible 
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contributing factors in augmenting coronary flow, no eAudence has yet been ob- 
tained which Avould indicate the operation of such reflexes. Section of the vagi 
and of cardiac nerves from thd sjunpathetic chain did not prevent the coronaiy 
flow increase with elevated ventricular iiressure. AiDplication of 2 per cent pro- 
caine to the pulmonary conus and puhnonarj’' arteiy in the region of the con- 
stricting loop also failed to abolish the coronarj^ flow response. 

Origin of vasomotor response. .The experiments presented here and in a 
previous communication (7) have shown that increasing the load upon either 
ventricle by constriction of the pulmonaiy artery or aorta (central to the coronaiy 
orifices) increases the work, the metabohsm and the coronaiy flow of the respec- 
tive ventricle. The mechanism responsible for dilatation of the coronaiy vessels 
cannot be identified with certainty. However, since the flow response rather 
closely parallels the changes in work, it is not improbable that the associated 
changes in metabolism are capable of effecting vasomotor regulation of the blood 
supply to the involved ventricle. Two possible mechanisms can be advanced. 
The coronaiy vasodilatation results from 1, an increased local production and re- 
lease of metabolites, and/or 2, the creation of local relative anoxia, caused b}’’ a 
disproportion between the increased rate of < O 2 utilization and the existing 
coronary blood flow; partial (but not complete) compensation is accomplished b}* 
vasodilatation and increased blood flow. 

Effect of extravascular compression. Regardless of the mechanism bj"- which 
coronary inflow is increased, elevation of right or left ventricular pressure can 
also be shown to have a flow reducing effect which operates in antagonism to the 
flow promoting mechanisms. An example will ser\''e to deihonstrate these sepa- 
rate effects. For the following experiment the preparation was as described 
earher -with the rubber bulli apparatus for suppl 3 dng blood at constant per- 
fusing pressure. To obtain an accurate picture of the temporal relation of 
events, right coronaiy inflow was recorded continuous^ and opticalty bj'’ the 
recording rotameter described elsewhere (11, 12). Figure IC is'a simultaneous 
recording of mean right intra^"entricular pressure and right coronaiy inflow. 
In this instance, partial occlusion of the pulmonary arteiy slightly more than 
doubled the mean pressure in the right ventricle. After a short lag, right coro- 
nary flow progi’essivety rose until the pulmonarj" arteiy was released, after which 
the rate of coronaiy inflow gradualty returned to the control level. The pro- 
cedure was repeated^ (fig. ID); right ventricular pressure rose somewhat more 
and the coronaiy inflow undenvent a slight but temporaiy drop before rising 
gradually. In addition, release of the pulmonaiy arteiy was accompanied bj^ a 
temporary but further increase in coronaiy flow before returning to the control 
level. These records are typical of the changes in flow observed in man}^ experi- 
, ments and described in a previous communication (7) . In figure lE are shown 
the results obtained with a more severe and abiupt constriction of the pulmonaiy 
arteiy. Here again, the coronaiy inflow increased (from 21 to 27 cc/min.) but 
onb’ after a 13 second period of decreased flow. Coincident with the release 
of the pulmonar 3 '^ arteiy constriction, the flow abrupth* rose, to a ver 3 ' high IcA^el 
and thereafter gradualfv returned to the control. These transient but abrapt , 
clianges in flow coincident m‘th the onset of elevation and reduction in right 
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■^'entricular pressure are regarded as evidence of a temporaiy separation of the 
^influence of cliange in extravascular compression upon coronary flow. This 
conclusion is made vath reasonable justification since the increase in mechanical 
compression of the coronaiy %'essels occurs simultaneously with the increase in 
intraventricular tension while the slower physiological metabolic and vasomotor 
responses must necessarih' lag somewhat behind their respective exciting causes. 
Hence, the temporary decrease in flow can be attributed to the dominant in- 
fluence of augmented mechanical compression. The subsequent appearance of 
an increased flow observed shortly thereafter indicates that the effect of coronaiy 
dilatation has exceeded the flow reducing effect of the increased extravascular 
compression. The immediate but transient increase in flow following the abrupt 
release of the pulmonary artery can be regarded as a rough index of the extent 
to which the flow had previousl.v been retarded b}”- extravascular compression. 

“Abnormal” responses. The changes in coronarj^ flow illustrated in figures 
IC, D, E derhonstrate what is belie^'ed to be the “normal” relationship between 
increased ventricular load and coronary flow. Under these conditions, the net 
physiological response is directed toward augmenting the coronarj’- blood suppl}' 
in spite of the flow limiting effect of increased extravascular compression. How- 
ever, if the animal experiment is intentionally prolonged (for several horns), 
the flow re.sponse is reversed and the effect of a sustained and unalterablj' domi- 
nant influence of extravascular compression can be demonstrated. This response 
is shown in figure IF, a record made from the same animal preparation about 
one hour after that in figure lE. During that interval, the dog’s blood pressure 
^ell somewhat (from 90 to 80 mm. Hg mean pressure) but no saline infusions or 
stimulant dings were given. The right coronar\' flow response to pulmonary 
arten' constriction is now a sustained decrease which returns to the control 
level upon release of the pulmonary artery. This response could be obtained 
repeatedly and in no instance did the coronarv flow e.xceed or even reach the 
control value. In this late stage of the e.xperiment it is obvious that the effect 
of increased extravascular compression in mechanically reducing coronary flow 
is left almost entirely unopposed by any concomitant dilatation of the coronaiy 
bed. In any event, the inabilit.v of the heart to increase or even maintain its 
blood supply in the presence of an augmented load indicates an almost complete 
lack of “reserve”. The heart must be regarded as having .suffered some change 
or loss in its physiological mechanisms, which event makes impossible the ob- 
servation of tho.se occurrences previously e.xistent under more nearly “normal” 
physiological conditions. 

Thi.« latter ob.=!ervation is consonant Avith that of other investigators, using 
heart-lung or isolated heart preparations, Avho report the consistent finding that 
flow through perfused arteries decreases AAith elevated intraventricular pressure 
(1 2, 3, 4, 5). The same Aoav re.sponse is reported Avith open-chest but otherwise 
“intact” dogs in Avliich the hearts underAA'ent rather severe manipulation as the 
result of the methods employed (6). In all instances (including the later stages 
of the experiment described aboA-e), there is sufficient cause to belicA^e that the 
liearts were probably incapable of any other tlian an “abnormal” response. This 
re 5 pon.=e, a persistent decrease in coronarA' floAV, must be regarded as the normal 
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response for the existing state of the heart and as such merits interpretation onl}' 
in relation to the preparation and the conditions under which it ivas obtained. 
While it is of some physiological interest to know under what circumstances- a 
persistent decrease in coronaiy flow maj'- accompan}^ an increased cardiac load, 
the procedures or conditions necessaiy for its demonstration create a preparation 
so far removed from normal that the finding ivould appear to ha^^e little if any 
significance in relation to normal cardiac function. On the other hand, it is not 
to be claimed that short experiments with anesthetized open-chest dogs neces- 
sarih^ reveal the normal occurrences in the unanesthetized, dog. Kowever, this 
preparation, together with adequate methods and instruments, appears to offer 
a much more reliable approach toward the attainment of that end. 

SUMMARY 

Left coronaiy inflow is found to increase significantly in the anesthetized open- 
chest dog, when the load upon the left ventricle is increased by constriction of the 
aorta (central to the coronary orifices). This flow response is similar to that 
obtained previous^'’ in the right coronary arteiy in the presence of pulmonar3" 
artery constriction. 

Measurement of cardiac input and ox.ygen consumption in the presence of an 
augmented load on either right or left ventricle has demonstrated an increase 
in the work and metabolism of the respective ventricle. In consideration of the 
increased coronaiy inflow observed, the two ventricles have at their disposal a 
compensatory means by which their blood suppl.y can, at least in part, be ad- 
justed to their work and metabolic requirements. It is suggested that the 
coronary dilatation arises fi-om an increased local production of metabolites 
and/or the creation of local relative anoxia due to increased O2 utilization. 

If the experiments are intentionallj’^ prolonged (for several hours) and the 
coronaiy artery is perfused at constant pressure, the coronary flow response 
ultimatel.y becomes a sustained decrea.se. As obseived under these conditions, 
and b}'^ othem using heart-lung and isolated heart preparations, the decrease in 
coronaiy inflmv is regarded as an “abnormal” response to an increased cardiac 
load. 
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In an earlier paper (Boyd and Patras, 1941) we described some respiratory 
effects on cardiac filling and output at ordinary rates of beat. A cardiometer 
was used, with the chest closed and the animal bi'eathing naturally. Under 
such conditions, if diastole is prolonged by vagal stimulation, and the procedure 
repeated at random intervals, the filling cur\'es registered vary markedl}^ in 
form. Each variation, however, is characteristic of some part of the respiraton^ 
c.ycle, and presumably is determined bj' a respirator 3 ’’ change of effective venous 
pr&ssure. The most conspicuous departures from the con\fentional type of curve 
appear in the later stages of diastole, during the period of so-called diastasis. 
The present report is concerned with these respiratoiy effects on the course of 
ventricular filling. 

Methods. Large dogs (14 to 25 kgm.) were used. The anesthetic was 
either barbital-sodium (0.3 gram per kgm., given intraperitoneall^O or the com- 
bination of morphine and barbital recommended bv Wiggeis (1942, p. 79). 

When a cardiometer is properly adjusted oN^ei- the venti-icles, the effective 
venous pressure is the blood pressure in the atria measured against the air pressure 
in the cardiometer. If normal relations are to be maintained, the pressure acting 
on the ventricles should alwaj^s be the same as that applied to the surfaces of the 
atria and veins from which the blood mast enter. Aftei’ the chest is closed and 
subatmospheric pressure re-established within it, the ventricles in the cardiom- 
eter may be subjected to abnormal pressures from two sources. First, the 
recording device attached to the cardiometer may be so resistant that the ventri- 
cles cannot change their volume without considerable compression or rarefaction 
of the air around them. Second, the pressure beyond the recording device, 
against which it must move, may be different from the intrathoracic pressure. 
To avoid the second difficulty we have used a recording tambour inclosed on both 
sides (Bo 3 'd and Patras, 1941). Die air space on one side is connected to the 
cardiometer, that on the other to the thoracic cavity of the animal, ^'olume 
changes of the ventricles are balanced by equal displacements between the op- 
posite side of the tambour and a small volume of air left free in the thorax. Thus 
pressure on the ventricles is alwa 3 's equal to the var 3 'ing intrathoracic pressure, 
except for differences arising from the resistance of the recording S 3 ^stem. 

The resistance of the recording SA'stem presents a more difficult problem, 
recognized by earlier workere but never .satisfactorily met. In the various types 
of apparatus'so far available, a fi-equency adeciuate for recording volume over the 
entire cycle can be secured only by tran.«lating volume changes into considerable 
pre.--sure changes (Wiggers and Katz, 1922). The tambour described by Wiggers 
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and Katz has a satisfactory frequencj’-, but is so resistant that a volume change 
of 30 cc. produces in the cardiometer a pressure change of 31 mm. of water. Such 
an instniment must keep the ventricles, over most of each C3’'cle, under a pressure 
either greater or less than that acting on the vessels upstream, and diastolic 
filling would alwaj^s proceed against a steadily increasing external resistance 
added to the natural resistance of the ventricles themselves. It is difficult to 
see how the course of filling could remain unaffected thereb3^ It is true, as 
Wiggers and Katz point out, that the heart beat normally causes changes of pres- 
sure in the thoracic cavity, but this seems to us irrelevant. Changes of intratho- 
racic pressure occurring normally are transmitted, to act, so far as is knovm, 
on all the intrathoracic vessels alike. The pressure changes produced in a cardi- 
ometer bj’^ instrumental resistance are applied to the surfaces of the ventricles 
onty, creating local pressure gradients which do not normallj’^ exist. 

We are convinced, therefore, that a frequencj’^ adequate for recording the entire 
volume curve can be attained with tambours onlj’^ at the price of distorting pres- 
sure relations. Since the degree of distortion will vaiy according to the mag- 
nitude of the volume changes, it might be held within tolerable limits b3^ using 
small animals. In our experience, however, the respuation of small dogs alwa3^s 
is seriousty embarrassed b3^ the presence in the closed chest of a cardiometer, 
no matter how carefulty it be adapted to the size of the heart. Large dogs usualty 
show little d3^spnea or other visible disturbance, but the combined stroke output 
from both ventricles, after a prolonged diastole, ma3' be as much as 60 cc. In a 
tambour of adequate frequency this would entail a pressure change of approxi- 
mately 6 cm. of water. Since the effective venous pressure noi-mally amounts 
onty to 5 or 6 cm., the error introduced b3’^ such a tambour, for the present stud3^ 
at least, would appear to outweigh any advantage gained. 

Fortunate^" a more sensitive instrument can follow the gradual volume changes 
over the greater part of diastole, even though other parts of the C3'^cle ma3" not 
be recorded with entire accurac3L We have used a double tambour similar in 
dimensions to that described in our earlier paper. The membrane, of light lubber 
dam under low tension, allows a volume change of 80 cc. (40 cc. in each direction 
from its raid position) with a total pressure change not exceeding 8 mm. of water. 
Limitation of pressure variations to this low range has the incidental advantage 
of minimizing the tendenc3" toward leakage of an- at the ring of contact between 
the heart and the membrane of the cardiometer. This makes it relati\'el3" eas3' 
to avoid undesirable constriction at the A-^^ groove. Frictional resistance to 
air movement was kept low b3’^ using short connecting tubes of 10 mm. bore. 

The tambour was modified in constiuction to permit recording on smoked 
paper. Since in operation the air pressure on both sides of its membrane is 
subatmospheric, while the free end of its lever must move in outside air, the 
ordinaiy type of fulcrum obviousty cannot be used. In the wall of the upper 
chamber (fig. lA) a vertical slit window (IF), 2.5 mm. wide, is covered with thin, 
taut rubber dam. A light hollow lever of glass, 16 to 18 cm. long, is made ly 
drawing out a thin-walled test tube to a diameter of about 1.5 mm., and sealed 
at the ends. This lever is thrust through a needle puncture in the rubber dam, 
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centered over tlie windov', and its inner end engaged in a hole through tlie flat 
vertical shaft S. The fulcrum of the lever is the point at which it pierces the 
rubber dam, the puncture being sealed around it with rubber cement. The 
subatmospheric pressure in the tambour prevents the membrane from ever 
bulging outward. Inward bulging is prevented by its tension and the narrowness 




Fir. I. Above, sectional diagram of cardioinetcr tambour. 

Below, records of intratboracic pros.surc, movements of a pump piston and movements of 
(he tambour. On the left the pump is .stationary and re.spiratory o.xcursion.s of tlie tambour 
are .shown. Center and riglit, tambour recording volume changes from pump. Stroke 

volume of pump, 47.S cc. 

Further dc.scription in te.vt. 

of the slit behind it. To record ventricular filling by an upward .stroke of the 
lever the upper chamber of the tambour is connected to tlie cardiometcr. 

The recording .sv.stem was tested by connecting the upper chamlter to the 
outlet of a cvlindi-ical pump driven at irregularly varying .speeds. The lower 
<-UambeA- wa.s"^ connected to the thoracic cavity of a dog, witli a closed pnoiirno- 
thorax sufficient to allow displacement of air by the pump to be compen.satcd by 
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equal movements into and out of the thorax. Excursions of the pump piston 
and of the tambour membrane were recorded simultaneousl}^ with le-\^ers of the 
same length to equalize their arcs. It ivill be noted (fig. 1, C) that the tambour 
shows a small fling at pump speeds exceeding 3 per second, but that at lower 
speeds the volume changes are recorded without appreciable error. The ap- 
paratus thus seems capable not onl}'^ of recording volume during a prolonged 
diastole, but also of registering an}"- gross variations of stroke output. 

The membrane is slightly displaced b}'’ the respiration, independenth" of the 
heart. This effect is due to alternate expansion and compression of the air on 
the cardiometer side of the membrane as the counter pressure on the opposite 
side changes. The record of ventricular volume must therefore be referred to 
a base line rising with inspiration and falling with expiration. The respiratory 
displacement maj'’ be recorded in uncomplicated form b}'^ connecting the lower 
chamber of the tambour in the usual manner to the thorax, and the upper cham- 
ber to a flask with a closed air space (figs. IB, 2), From the data so obtained 
the shifting liase line ma}'^ be constructed approximate!}^ and drawn into the 
record (fig. 2, A to D). 

The respiratoiy displacement is directly proportional to the pressure change 
and to the total volume of air held on the cardiometer side. This volume cannot 
be precisely deteimined in practice. The capacity of the upper chamber and 
its connecting tubes, when the membrane is plane, is about 195 cc. To this 
may be added the known capacity of the cardiometer, but a deduction must be 
made for the volume occupied by the ventricles. Their volume is unknown 
and will inevitalily change if the pressure upon them is altered in any attempt 
at calibration. An arbitrary estimate may be used, however, without introduc- 
ing serious ei-ror'into the I’esult. Since the pressui’e in the system is never far 
below atmospheric, a pressure change of 1 mm. Hg changes volume onl.y by aliout 
1/750. Hence the respiratoiy displacement is always small. In calculating 
the air volume to be used in controls we have made a deduction of 130 to 180 
cc. to allow for the mean \'olume of the beating ventricles. 

Arterial pressure was I’ecorded by a mercury manometer, from the right carotid 
arteiy. Venous pressure was not continuously recorded, but direct readings 
were made from time to time. A sound was passed through the jugular 
vein into the right atrium. Externally it was connected through a Y-tube to 
a vertical manometer tube of 4 mm. bore, and to a reservoir containing saline 
solution with 0.2 per cent of chlorazol fast pink added. Into this reservoir a 
fine spray of mercuiy was delh’ered continuously from a second reservoir above, 
displacing the saline and feeding it slowly into the circulation. Such an arrange- 
ment, with a different anticoagulant, was used by Trendelenburg (1924). A 
flow of about 20 cc. per hour was found sufficient to prevent clotting. 

^^enous piessure was observed before and during adjustment of the cardiom- 
eter, and the membrane of the latter refitted if it caused a rise of more than 
1 cm. After the chest was closed, the upper end of the venous proi'Sure manom- 
eter tube was connected to the thoracic cavity, through a side outlet on the 
line leading to the cardiomefer tambour. Direct readings of venous against 
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intrathoracic pressui’G could thus be made at any time, and referred later to a 
zero level deteimined at the ehd of the experiment. The animal Avas finally 
killed by bleeding from an artery, the chest opened and the atrial Avail aboA^e 
the orifice cut aAvay Avith the sound still in place. ’Wdien the liquid in the 
manometer had fallen to a steady level, the reading at that point Avas taken as 
the zero for venous pressure. 

When such a manometer, preAuously open to the olitside air, is connected to 
the thoracic cavity, the mean level of liquid naturally rises, and the respiratory 
fluctuations are reversed in direction. 'The presffUrfe rises Avith inspiration, but 
readings made at that time are probably inaccUfBte iDecause of the inertia of the 
system. Readings giA’en beloAV AA'ere all made at the steady level reached during 
the expiratoiy pause. 

The right A^agus nerve Avas sectioned, and tetanic stimuli applied for brief 
periods to its peripheral stump. 

Results. Figure 2 illustrates the main A^ariations appearing in the filling 
curve at different times in the respiratory cycle. The upper section shows four 
original records from one experiment, each made at a time Avhen the effective 
A’’enous pressure, at the expiratorj-^ leA'^el, AA^as 52 mm. of saline. The loAA'er section 
shoAA's the same curves redraA\-n, to eliminate horizontal and A’^ertical distortion 
caused respectiA^ly by the arc of the leA^er and bj^ the inspiratory .shift of base line. 
In A, diastole begins and is completed during the expiratory pause. This filling 
curve conforms to the conventional type, and is redraAAm paired Avith each of 
the others for comparison. The remaining three all .shoAV the accelerating effect 
of inspiration on the rate of filling. The form of the curA'e, howeA^er, depends 
on the time relations betAveen the beginning of diastole and the onset of inspira- 
tion. B, beginning late in the expiratorj’^ pause, is identical Avith A until dias- 
tasis is AA'ell under AvajL Inspiration then starts and brings a secondaiy acceler- 
ation of infloAV. In C in.spiration begins before diastasis has set in, and the 
effect is simply to prolong the initial period of rapid inflow Arith a i-elativ^elj" 
steep gradient throughout the later stages. D begins when inspiration has 
reached an adAranced point. This curA’^e is steeper than A eA'en during the initial 
period of rapid infloAv of the latter. D shoAvs also the effect of expiration oc- 
curring AA'hile diastole is still in progress. The Amlume cuiwe is abi-upth^ flat- 
tened and a reA-^erse floAV is registered just before atrial .sjAstole. 

At subnormal A-^enous pre.'Jsures the respiratory effects on A'entricular filling 
are eA^en more obvious (fig. 3, B). At higher mean IoatIs of A^enous pre.^^sure 
they are relativelj’^ smaller but still noticeable (fig. 3, A). When several A’agal 
beats are recorded in succession, conditions are complicated bj’ the gradual rise 
of A'enous pressure and bj' changes in the rate and depth of respiration, ^''ari- 
ations in the filling curv^e appear, hoAvcA’^er, throughout the series (fig. 3, C). 

The residual volume of blood left in the A^entricles at the end of .systole is 
almost inA'ariably greater during inspiration than during e.xpiration or the 
ensuing pause. On the original records this difference in .S3'stolic levels is e.x- 
aggcrated by the inspirator^' rise of ba.se line, but it is still evident when due 
correction is made. It has already been noted that at ordinary liearf rates, 
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the maximum stroke output occurs when systole coincides in time with exph-a- 
tion (Boyd and Patras, 1941; Shuler, Ensor, Gunning, Moss and Johnson, 1942). 
We make no attempt to analyze the systolic volume curve, since the changes 
are too rapid to be followed in detail by the technique here used. 

In the examples shown, it happens that the arterial pressure was relatively 
low. We have made comparable observations, however, on 18 dogs, at varying 



Fig. 2. Above, records of intrathoracic pressure and ventricular volume from a dog of 
17.4 kgm. Both vagi sectioned. Arterial pressure 90 mm. Hg, effective venous pressure 
62 mm. saline. White bars indicate vagal stimulation, the dotted white lines the respira- 
tory shifts of base level for the volume record. 

Below, left, movements of the cardiometer tambour caused by respiration alone. Right, 
records from above reconstructed and redrawn, B, C and D being each superimposed on A 
for comparison. Lines at the bottom of each drawing indicate the beginning and end of 
inspiration for record A. Lines at the top show the limits of the inspiration for each of the 
other records. 

Further description in text. 

levels of arterial pressure, and have always found the respii-atoiy effects on 
filling described above. We do not believe, therefore, that the behavior can 
be attributed to an abnormal condition of the heart. 

It may be noted that if the recording tambour is arranged to move against 
outside air, the ventricles must be filled against a constant atmospheric pres- 
sure. When such an arrangement is used, with experimental conditions other- 
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wise unchanged, the effects described above arc reveised in direction, Ven- 
triculai tilling is accelerated by cxjjiration and retarded b}’’ inspiration (cf. 
Bo3^d and Patras, 1941). 
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Fig. 3. A, intrathoracic pressure, ventricular volume and arterial pressure records from 
a dog of 20.8 kgm. Effective venous pressure 93 mm. saline. Vagal stimulation at signals. 

B. Similar records from a dog of 17.4 kgm., effective venous pre.ssurc reduced by hemor- 
rhage- to 39 mm. saline. 

C. Record of a series of vagal beats. Same animal as in A. Effective venous prc.ssurc 
at beginning of vagal stimulation was 72 mm. saline, at end 185 mm. 


Discu-Ssion- Aside from disturbances entailed hy anesthe.sia and Iw surgical 
preparation, our experimental conditions obviou.sb' were abnormal in two 
important respects. These are the prolonged ijeriod allowed for ventricular 
filling, and the removal of whatever restraint the pericardium normall.t' may 
exert. It is probable that in the intact animal respiratory variations of \'cn- 
tricular filling are comparat ively small. At ordinary heart ratc.s the filling period 
is brief, and it may be further shortened during inspiration by a rospiiatory 
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arrhythmia. The resistance offered b.y the pericardium to ventricular dis- 
tention appears to be determined largel}’- by the pull on its diaphi’agmatic 
attachment (Wilson and h'leek, 1927). If so, the resistance might be expected 
to increase during inspiration. These factors vould tend to offset the mspira- 
tory rise of fiUmg pressure. 

The observations here reported seem, however, to have some bearing on the 
mechanism of ventricular filling. Y. Henderson (1909; see also Henderson 
and Barringer, 1913) held that the filling cmve, 'except at abnormally low 
levels of venous pressure, is determined simpl3' bj'- the rate of relaxation of the 
ventricles. This view implies that the length of the muscle fibers at anj' given 
moment is fixed by their inherent properties, and cannot be altered bj^ the 
ordinary variations of distending pressure. Wiggers and Katz (1922), howe^'er, 
showed that if the mean level of venous pressure be experimental!}' raised, the 
filling curve becomes steeper thi-oughout its course; and that this effect appears 
over a wide range of venous pressures. It seems to follow that diastasis cannot 
be merely a continuing slow relaxation of the ventricles, but is a state in which 
the rate of inflow at anj- given moment depends on two opposing forces, filling 
pressure and the increasing tension in the passivelj'- stretched muscle. These 
forces are nearly balanced, and the filling curve is a graph of the rate at which 
they are approaching equilibrium. The smooth parabolic form of this curve, as 
shown on conventional diagrams, must then be characteristic only of stabilized 
conditions, in which thei’e is a stead}’- venous jiressure throughout the cardiac 
cycle except for those changes which are directly attributable to mechanical 
events in the heart itself. Deviations from the familiar type of curve might 
be expected whenever the balance of forces is disturbed by any agency acting 
from outside the heart. Abmpt changes in its gradient always appear at atrial 
systole and diastole- There is no obvious i-eason why similar effects might not 
be produced earlier on the curve by any change of venous pressure imposed from 
upstream. Changes of effective venous pressure take place frequently under 
normal conditions, and recur regularly in the respiratory cycle. It has been 
sho^vn here that these changes not only influence the general slope of the filling 
cur\’-e, but also may produce sudden alterations of gradient and even reversals 
of direction. 


SUMjMARY 

1. Ventricular volume was recorded by means of a cardiometer in the closed 
chest, the recording system being so arranged that external pressure on the 
ventricles followed the normal respiratory vai’iations of intrathoracic pressure. 
Diastole was prolonged by vagal stimulation. 

2. Under these conditions, ^’entricular filling at any stage of diastole is ac- 
celerated by inspiration and retarded by expiration. If either inspnation or 
exphation occurs wMle filling is in progress, the gi'adient of the filling cuiwe is 
altered thereby. The volume curA^es thus vary considerably ui form. Such 
variations are particularly prominent during the stage of diastasis. 

3. The effects described become less conspicuous as the mean level of venous 
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pressure is raised, but are still demonstrable wlien venous exceeds intratboracic 
pressure by 90 mm. of water. 
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The following paper presents analji-ses of cats’ brains, muscles and hearts for 
electrolyte after exposure to low atmospheric pressure both ■with and without the 
addition of carbon dioxide. 

Experimental procedures. The chamber^ has a capacity of about 270 
liters. A continuously operating pump reduces the pressure and the degi-ee of 
reduction of pressure is controlled by valves regulating the ventilation into the 
tank at this point. Continuous records of the pressure are kept. In the experi- 
ments involving addition of carbon dioxide, the intake of carbon dioxide Avas 
regulated through a flow gauge while in the other experiments the inlet received 
only room air. The composition of the air in the chamber was determined by 
frequent analyses for carbon dioxide ■nith a Haldane apparatus and the intake 
of carbon dioxide adjusted so as to give approximately the desired partial 
pressure. 

Two runs of 23.5 hours with 3 cats each were obtained Avithout addition of 
carbon dioxide. The pressures varied less than 15 mm. Hg from 355 mm. This 
AA’^ould give an oxygen tension of about 71 mm. Hg. Taa^o runs of 24 and 23 hours 
with two cats each AAure obtained AAuth the addition of carbon dioxide. Except 
during the first three hours, the pressures were almost as constant, being Avithin 
20 mm. of 370. During the last 12 hours in the chamber, the aA'^erage carbon 
dioxide pressures were 32 and 33 mm. Hg AAuth a variation of 5 mm. from this 
figures. This Avould produce an oxygen tension oLabout 67 mm. Hg. 

On removal from the chamber, the cats were anesthetized with 40 mgm. of 
nembutal per kilogram and killed by bleeding from the femoral artery AAutlim 20 
minutes. Tissues and blood were analysed as in preAuous studies (1). Blood pH 
was determined at 38 degrees AAuth a glass electrode. In the tables preAuous 
analyses of cat tissues are used, but onlj'' tAvo determinations of pH in controls 
AA'ere aA^ailable using the same technique m handling the cats as well as in esti- 
mating the pH. These gaA^e the identical Amlue of 7.25. 

In the brain the analyses are expressed per 12 grams of total nitrogen. This 
amount of nitrogen is the average per 100 gi’ams of fat free sohds in normal cats. 
It was felt adAi-isable to express the values in this mamier since the data show 
A'-ariations due to lack of uniformity in the dried samples. This lack of rmiform- 
ity is chiefly dependent on the fact that part of the fat aa^s melted during the 
drying and could not be equall}'- dispersed through the ground sample. Hence 

1 The author is indebted to the Department of Physiolog}' of Yale University for the use 
of a small chamber. In paiticular he is grateful to L. C. Xims and R. W. Clarke who as- 
sisted in managing the controls of this chamber. 

61 



62 


DANIEL C. DAJRROW 


the fat determinations involve the greatest errors. The results, therefore, are 
more constant if calculated per 12 grams of nitrogen than per 100 grams of fat 
free solids. The brain analyses may be considered essentially the same as if 
calculated per 100 grams of fat free solids. All other tissue analyses are calcu- 
lated per 100 grams of fat free solids. The serum analyses are expressed in the 
usual tenns per volume of serum. 

Hesults. As shown in table 1, cats normally have a higher concentration of 
seinm chlonde than most mammals. Chloride concentrations do not change 
during 24 hours at low atmospheric pressure. The normal high chloride of cats 

TABLE 1 


Concenlrations per liter of serum 


GROUP 


H:0 

pH 

pCOj 

HCO, 

Cl 

Na 

K 



gram 


mm. 

mil 

Pill 

mil 

mil 

Control i 

34 

932 

7.25 

46 

20.4 

119.8 

149.5 

5.7 

S.D 


1.0 



3.6 

2 5 

2 5 

0 6 

355 

6 

930 

7.14 

30 

12.6 

119 

147.5 

6.3 

S.D 


3.8 

0.07 

2.5 

1.1 

3.0 

0.9 

0.5 

370 + COz 

4 

928 

7.14 

57 

19.0 

120 

152.8 

5.2 

S.D 


2.5 

0.07 

0.1 

0.9 

3.5 

1.2 

1.3 


TABLE 2 

Brain water and electrolyte* 


GEOtn* 

NUMBER 

H:0 

N 

Cl 

Na 

K 

P 

Fat 



gram 

gram 

mil 

mil 

mil 

mil 

gram 

350 

6 

533 

12.0 

24.9 

36.6 

64.8 

68.8 

50 

S.D 


7.5 


2.5 

1.0 

1.2 

0.6 

6 

370 -f CO: 

4 

508 

12.0 

23.4 

4 . . V 1 

35.2 

63.0 

70.0 

45 

S.D 


21 

1 

2.4 

1.1 

1.2 

1.2 

2 

Control* 

11 

533 

12.0 

25.0 

37.3 

67,0 


46 

S.D 


12 

0.6 

2.4 

2.7 

5.4 


5 

Control 

1 

531 

12.0 

23.4 

35.9 

63.8 

66.8 



* Controls expressed per 100 grams of fat-free solids. 

All other analyses per 12 grams of nitrogen. 

The single control was analysed along with an e.xperimental group. 


is reflected in a normal high sodium concentration when compared to other 
animals. On exposure to low atmospheric pressure, there is significant decrease 
in serum sodium wlien no carbon dioxide is added and a significant increase in 
serum sodium wlien carbon dioxide is added. TJie decrease in serum sodium 
at low atmospheric pressure is accompanied by a decrease in serum bicarbonate. 
However, there is no decrea.se in serum bicarbonate ivhen carbon dioxide is added 
to air at loiv atmospheric jn-essui-c- Quantitatively the changes in serum 
sodium are not sufficient to account for all the changes in senun bicarbonate. 

The determinations of pH of the blood cannot be considered representative of 
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conditions in the chamber since they are altered by the effects of the anesthesia 
on breathing and by removal of the cats from the chamber. The results of de- 
terminations of bicarbonate and pH suggest that in cats adjustment to the alka- 
losis of overbreathing is obtained not by increase in serum chloride but by de- 
crease in seium sodium. In any case seium bicarbonate decreases at low atmos- 
pheric pressure and this change is prevented by.addition of carbon dioxide to air 
having similar oxygen tensions. 

The tissue analyses are represented in tables 2, 3 and 4. 

In the brain there are no certain changes demonstrated. Both with and with- 
out carbon dioxide, the brain potassium is somewhat low (standard deviation of 
the difference about twice the difference, indicating probable significance). 

None of the differences are significant in skeletal and heart muscle. 


TABLE 3 

Muscle water and electrolyte concentration per 100 gra7ns of fat~free solids 


GROUP 

NUiTDER 

HiO 

N 

Cl 

Na 

K 

P 



gram 

gram 

mil 

mil 

mil 

mil 

Control ' 

24 

345.0 

15.3 

5.9 

8.0 

47.4 

33.5 

S.D , 


18 

0.17 

1.1 

1.1 

2.3 

1.7 

350 

3 

353 

14.6 

4.7 

' 7.4 

47.7 

33.0 

370 + CO 2 

4 

345 

15.1 

6.2 

7.9 

t 46.1 

31.5 


TABLE 4 


Heart water and electrolyte concentration per 100 grams fat-free solids 


GROUP 

NUMDER ; 

HjO 

N 

Cl 

Na i 

1 

K 

P 



gram 

gram 

mil 

mil 

mil 

mil 

Control 

24 

410 

14.1 

■Em 

24.4 

40.1 

34.0 

S.D 


26 

0.9 

mam 

4.3 

3.3 

2.9 

350 

2 

398 

13.6 


21.9 

43.8 

32.9 

370 -f CO 2 

4 

1 

395 

14.0 

18.4 

23.4 

37.5 

30.9 


Discussion. It should be borne in mind that the pressm’es studied are com- 
patible with life in cats. The studies do not indicate that lower atmospheric 
pressures might not affect brain electi’ol 3 de but merely suggest such changes as 
occur in cerebral function at the levels studied are accompanied by only slight 
decreases in brain potassium. Furthermore, the changes are within the normal 
range in all cases,' , 

It is knoivn that the brain is more susceptible to low atmospheric pressures 
than other tissues. This conclusion is supported by changes in the electroence- 
phalogram as well as mental tests. Improvement in the function as evidenced 
by these tests is obtained b 5 '^ adding carbon dioxide to the ah’ at low oxygen 
tension (2). A loss of potassium in the brain is only strongly suggested by the 
present study and in any case is Avithin the range of normal values and hence 
must be regarded as reversible. Hence, the studies do not gi^m evidence that 
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change in brain electrolyte is an important feature accompanying the altered 
function of anoxia of a grade compatible with life. 

The analyses of muscle confirm work in rats (3) showing no early change during 
short exposure to low atmospheric pressure, iSTo previous results are available 
on hearts. 


SUMMAKY 

Cats were exposed to low atmospheric pressure with and without the addition 
of carbon dioxide. Low atmospheric pressure leads to low serum bicarbonate in 
cats and this effect is more dependent on loss of sodium than increased concen- 
tration of cliloride. Addition of carbon dio.xide to atmospheres at low pressures 
prevents the decreased concentration of serum bicarbonate and sodium. 

Analyses of the brain reveal a questionable reduction in the average figure for 
brain potassium. The decrease in brain potassium occurs at low atmospheric 
pressure wnth or Avithout addition of carbon dioxide. This change is within the 
normal range and probably of little significance. 

Heart and muscle show no changes in tissue water and electrolyte at the 
pressures studied. 
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In 1939 we reported that choline was effective in depressing the experimental 
polycythemias produced in dogs by either cobalt feeding or daily exposure to low 
atmospheric pressure, but that the administration of choline to normal dogs for 
5 to 7 da 3 rs was vdthout effect on the normal red ceU count (1). Later (2) we 
reported that soybean lecithin was capable of reducing experimental polycythe- 
mia in dogs. The mechanism of action of both substances was postulated to be 
a depression of red cell production bj'^ increased blood (and ox 5 ^gen) supply to 
bone marrow, mediated by a vasodilator action of the drugs. 

The purpose of the present investigation was to learn whether the prolonged 
daily administration of choline or lecithin for a period in excess of 5 to 7 days 
, would depress the red cell count in normal dogs. This possibility did not seem 
unlikely, since bone maiTOW activity has a certain momentum or inertia which 
often requires considerable time for a change in rate of activity to be elicited. 
Certainly about 7 to 21 days may be required to produce experimental polycj^- 
themia by means of various agents (3-6). 

Methods. Red cell counts and hemoglbbm percentages (Hellige) were de- 
termined regularly on normal dogs which were fed an adequate diet of Purina dog 
chow, and rolled oats. Occasional leukocyte counts and hematocrit determina- 
tions were also made. 

After adequate control determinations had been made, the dogs were fed 5 
grams of commercial soybean lecithin" daily. In the choline experiments, dogs 
were given 8 mgm. of choline hydrochloride per kgm. of body weight daily, by 
stomach tube (in dilute solution). 

In all cases blood samples were dravm from the saphenous veins of the dogs 
while they were unexcited and in a fairly basal condition, at least 18 hours after 
previous feeding or drug administration. 

Results. Figure 1 shows the red cell counts of 4 normal dogs which were fed 
soybean lecitliin daily. It will be seen that, after a latent period of 5' or more days, 
the er 3 dhrocyte numbers were gradually reduced. Maximal diminutions of 15 
to 20 per cent wm-e reached after 12 to 25 days of lecithin feeding. The long 
dashes in the line representing one dog (fig. 1) indicate a period during which 60 
grams of lard were fed daily in addition to the lecithin. Cessation of lecithin 
feeding (short dashes) resulted in a return of the red cell counts of all dogs to 
normal within 11 to 20 days. 

^ Research paper no. 54S, Journal series. University of Arkansas. 

^ Soybean lecithin vas generousb' furnished bj^ the American Lecithin Compan5 of 
Elmhurst, L. I., N. Y. ^ 
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Figuie 2 shows tho ci j'iilirocj’i/G counts of 4 dogs which received choline hydro- 
chloride (8 mgm. per Icgm.) in dilute solution by stomach tube. Two of the dogs 
received atropine sulfate (0.5 mgm. per kgm.) by stomach tube for 18 days 
(dashed lines) in addition to the choline. It mil be seen that the two dogs 
which received choline alone showed significant reductions in erythrocyte counts 
after 15 days of choline feeding, while those recei\Tng atropme in addition re- 
quired about 10 days after atropine cessation, or a total of about 30 daj^s to show 
comparable depressions. The atropme appears to have blocked the action of the 
choline. Hemoglobin and hematocrit percentages Avere reduced proportionately 
Avith the red cell counts bj" choline, but leulcocyte counts did not change signifi- 
cantly (not shoAAm). The return of the red blood cell counts to noimal is not 
shoAA-n because it was desired to continue these dogs on a somewhat related 
experiment. 





Fig. 1. The effect of soybean lecithin on the red blood cell counts of four normal dogs. 
Dashes indicate cessation of lecithin administration. Long dashes in solid dot line indicate 
period during which 60 grams of lard Avas fed daily, in addition to the lecithin (5 grams 
daily). 

Fig. 2. The effect of choline hydrochloride on the erj'throc^'te numbers of four normal 
dogs. Dashes indicate periods during Avhich 0.5 mgm, per kgm. of atropine sulfate was fed 
daih', in addition to the choline chloride (S mgm. per kgm., daily). 

Discussion. It atouW seem that choline and soybean lecithin probably lower 
the er^dihrocyte number fay actually depressing erythropoiesis, if Ave may judge 
from the slow onset of choline action (fig. 2) and the slow recover}'- of the red 
blood cell count to normal after the cessation of soybean lecithin feeding (fig. 1). 
It is difficult to believe that other possible mechanisms such as hemolysis, blood 
dilution, or sequestration of er^-throcytes in blood reserAmiis could be concerned, 
—since they should not require 10 or more daj's to reduce the erythroc>’te count 
to the extent shoAATi in these e.xperiraents. 

The time required for the mild anemia to deA^elop in these experiments is com- 
parable to that required in preAuous experiments to induce e.xperiraental polycy- 
themia fay A^arious means (3-G). It seems highly possible that in both cases avo 
are changing the rate of erytlwocyte production— but in opposite directions. 

The action of choline is a muscarinic action since it is antagonised by atropine 
in the'^e c.xperimenfs (fig. 2). PrcA'iously, Ave har^e shoAA'n that choline depressed 
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polycythemia probably by a vasodilator action, because its action was blocked 
by atropine, and because such vasodilators^as nitrites and aminophylline ivere 
also effective in reducing certain experimental polycythemias (7,8). Vasodilator 
drugs may depress eiythropoiesis by improving the blood flow, and consequently 
increasing the oxygen supply, to bone marrow. Indeed, we have also approached 
this problem by increasing the oxygen content of arterial blood. We have de- 
pressed pituitrin-induced polycythemia in dogs by the administration of 100 per 
cent oxygen (by inhalation) for one hour daily (2). 

As indicated in figure 1 by the long dashes, one dog apparently showed an extra 
reduction in erythroc}d;e count due to the feeding of fat (lard). It must be ad- 
mitted, however, that three other dogs showed no decrease of erythrocytes when 
similarly treated. Our purpose in testing the effect of fat-feeding was to try to 
support the obseiwations of Johnson et al. (9, 10) who, while unable to, demon- 
strate a change in the eiythi-ocyte number, have showm that the feeding of fat 
increases red cell fragility and causes increased erythrocyte destmetion as judged 
by increased bile pigment output. 

We assume that so 3 '’bean lecithin probablj'’ affects the erythrocyte count by 
virtue of its choline content, which is placed at about 3 per cent (11). 

CONCLUSIONS 

Tile daily oral administration of 5 grams of soybean lecithin to 4 normal dogs 
caused significant reductions in their red blood cell counts, which persisted for at 
least 10 days after cessation of lecithin feeding. 

. Choline hydrochloride, in a daily oral dose of 8 mgm. per kgm. of body weight, 
caused significant depressions in the eiythrocyte numbers of 4 dogs. More than 
ten days were requhed for maximum depression of red cells to occur, and atropine 
was shown to block the depression for a longer period than the 18 days during 
■which it was administered. 

These results are explained by assuming that choline depresses erythi-opoiesis 
by increasing the blood flow and oxygen supply to bone marrow — through its 
vasodilator action. 
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The present stud}'' was undertaken to determine whether jn man quantitative 
changes related to fatigue and A^ariations of fitness occur in the reactivit}^ of the 
sympathetic nervous system as reflected in sweat gland activity and measured 
as palmar skin resistance (P.S .R.) . Preliminary reports have been published (1) . 

The extensive literatui'e on the subject of skin resistance has been reviewed by 
Landis and DeWick (2) and Landis (3). The realization of the recognized possi- 
bilities inlierent in the nature of skin resistance has been handicapped by tiie 
large variabilities encountered in the measurements. A great increase in the 
reliability has been made possible in this study by improving the technique of the 
measurement itself and by making the measurements under the condition of a 
constant phj’^siological stress of considerable magnitude. 

Tiiat muscular activity reduces P.S.R. has been shorni by Starch (4) and 
A'ifliite (5), and that them is a general relation between the degree of muscular 
tension and the amount of decrease of P.S.R. has been sliown by Wenger and 
Irwin (6) and Freeman and Simijson (7). Cannon (8) lias shown that certain 
.stress conditions, includmg muscular work, activate the sjunpatho-adrenal sys- 
tem. The extent of the drop of P.S.R. occurring at different times unde'r the 
same work stress may then give an indication of changes in the functional re- 
.sponse of the sympathetic s^’stera. 

The stress period as a condition for determining significant changes of S 3 'm- 
pathetic reactivity was generally limited to one minute of work in order to 
minimize the secondary effects of metabolites and temperature changes. Addi- 
tional work periods on the ergometer were employed to measure working ca- 
pacity and to explore more fully the relationship of P.S.R. to work. 

The bicycle ergometer. A bic}^^ was arranged to drive a separately excited 
electrical generator. The load condition was varied by changing the resistance 
in the generator circuit. The energy generated was measured by an ordinary 
d^mamometcr tjq)'e watt-hour meter modified to measure units of one-hundredth 
of a watt-hour. A measure of the work done was thus obtained even with 
changes in speed of pedaling. The work done b}^ the .■subject was the energy 
measured by the watt-hour meter plus the energy lose.s in the bicycle and gen- 
erator. 

' In the experiments the subjects were instructed to maintain a speed which was 
appro?dmately sixty-two revolul ions of the pedals each minute, indicated by a 
voltmeter connected across the generator. When they could no longer maintain 
the speed, they were to pedal at the best rate i)o-.ribie. 

GS 
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Measurement of palmar skin resistance. Two' shallow pans measuring about 
25 by 35 cm. and containing zinc plates connected to a bridge circuit were fixed 
in place of the handle bars of the bicycle. For each experiment, gauze was laid 
on the plates and the pans were filled to a depth of about 6 mm. with an elec- 
trolyte, usually a 1 per cent solution of sodium chloride in tap water. The tem- 
perature, an important variable, ivas controlled by connecting a low voltage 
transformer, wliich supplied a safe source of current, to resistance wire arranged 
beneath the pans. 

After mounting the bicycle the hands were placed palms down in the pans, 
where they remained during the experiment. Although pressure and movement 
of the hands -did not appear to affect significantly the measurements of P.S.R., 



Fig. 1. Diagram of bridge circuit.' The voltmeter circuit was used only to obtain the 
separate palmar resistances. 

/ 

these conditions were controlled in most of the experiments by having sponge 
rubber pads on an adjustable bar press against the backs of the hands. 

Besides the greater accuracy and sensitivity obtamed by usiug the entire 
palmar surfaces as electrodes, the palmar resistance is alwaj'-s measured for 
identical areas. 

The circuit used to measure P.S.R. is shown in figiu-e 1 with an auxiliary volt- 
meter circuit used onlj- to measure the relative resistances of the separate palmar 
areas. The simple circuit resembles that 6mployed by Darrow (9), in that re- 
sistance can be added or subtracted in the subject arm of the bridge to maintain 
a relatively constant current through the subject. The current varied between 
0.46 and 0.60 milliampere. Tlie bridge was initiall}''. adjusted witli 7000 ohms 
in the subject arm. ^Measurements were accurate to 20 ohms. 

To measure the resistance in each palm, a vacuum tube voltmeter and means 
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for conveniently manipulating the external resistances Ri and R 2 were added to 
the foregoing circuit. Thus the total resistance in the subject arm of the bridge 
could be made equal to a given amount, and point L betunen the two palms 
could be kept at the midpoint of the total resistance. 

Subjects and conditions. The experimental data, except as otherwise indicated, 
were obtained from three groups of subjects. For each of these groups daily 
measurements for five da^’^s each week were made over a period of six weeks or 
more. The daily routine activities of each subject preceding the experiments 
were the same. All of the e.xperimenb3 were performed in the forenoon. 

TABLE 1 

Palmar skin resistance averages for each subject, before work and in the first,' fourth and last 

xoork periods on bicycle ergometer 


PSR ANB STANTJARB DEVIATIONS (SD) IN TENS OF OHMS 


CROUP AND 

NUMBER 
OP E3C- 

Before work 

First work period 

Fourth work 
period 

Seven til work 
period 


PEEIMENTS 

Initial 

5S' after 



N^ear end of 

Near end of 




initial 



period 

period 



PSR 

SD 



PSR 

SD 

PSR 

SD 

PSR 

SD 

PSR 

SD 

1 — w. c 

20 

49G 

146 



405 

116 

387 

113 

377 

101 

325 

77 

*R. H 

25 

409 

75 



432 

60 

422 

59 

467 

77 

334 

75 

♦M. N 

20 

450 

33 



376 

27 

378 

31 

383 

20 

349 

14 

G. T 

20 

370 

45 



325 

29 

327 

29 

366 

25 

344 

20 

F. S 

20 

358 

45 



276 

20 

285 

24 

S18 

21 

279 

18 

H. N 

20 

3C0 

39 



326 

41 

314 

44 

297 

43 

253 

25 

2— R. S 

20 

277 

26 

331 

36 

253 

30 

219 

29 

189 

13 

176 

11 

A. D 

12 

269 

42 

392 

78 

309 

73 


52 


13 

177 

11 

D.X.... 

20 

328 

30 

432 

01 

310 

45 

286 

34 

270 

23 

244 

21 

*1. S 

19 

319 

22 

389 

06 

342 

77 

291 

OS 

213 

12 

204 

8 

E. B 

20 

211 

14 

233 

15 

190 

14 

189 

12 

167 

5 

155 

0 

H. M 

19 

267 

37 

290 

32 

225 

26 

216 

19 

195 

13 

173 

10 

E. L 

20 

264 

29 

28S 

27 

250 

22 

241 

17 




26 

*A. L 

20 

347 

21 

375 

33 

301 

25 

288 

27 

m 


m 


*A. N 

20 

381 

40 

441 

56 

390 

73 

317 

54 

M 


M 


♦M. H 

19 

285 

24 

303 

32 

249 

27 

247 

22 




16 

3— i-r. L 

20 

300 

45 



262 

37 

257 

28 

194 

18 

m 


F. F 

19 

351 

32 



329 

34 

288 

26 1 

203 

12 




* Women. 


The six subjects of group 1 were obtained through a social service agency and 
had various employments in the afternoon and evening. Tlie work e.xperiment 
for subjects of group 1 coasLsted of seven work periods of one minute each, sep- 
arated by rest periods of one-half minute. The load condition for eaeli subject 
was constant from day to day. The palmar electrolyte was at room temperature, 
which varied between CG° and 74°F. 

The ten subjects of group 2 were industrial employees, chemists and elcjfe, 
whose regular work was the same each'day. The work experiment n^as the sa me 
as for group 1, except that tlie load for the hrst two periods was lighter so that a 




























SKIN RESISTANCE AS MEASURE OP PHYSICAL CONDITION 


71 


constant speed could always- be maintained for these periods. The palmar 
electrolyte was maintained at body temperature. 

The two subjects of group 3 were students on vacation. Then’ conditions on 
the ergometer were the same as for group 2, but the experiment terminated after 
the fourth period of work. 

Changes of P.S.R. during muscular work. Table 1 shows for each subject the 
averages and standard deviations of P.S.R. at certain points in the experiments. 
The average curves in figure 2 illustrate the variations of P.S.R. For each min- 
ute of work there are shovm joined together tlmee measurements, the first taken 
during the preceding non-working period, followed by P.S.R. at fifteen seconds of 
work and at forty-five or fifty-five seconds, the latter for group 2. All curves 
begin with the initial P.S.R., which was measured within five seconds after im- 
mersion of the palms. In the case of group 1 this measurement was the only one 



Fig. 2. Average P.S.R. for subjects of groups 1 and 2 during e.xperiments of seven one-' 
minute work periods, sepai-ated by rest pauses of one-half minute. Open bars indicate the 
work that could have been performed if the speed had been fullj’- maintained. 

made before work. For group 2, P.S.R. is also shown at fifty-five seconds after 
immersion, which was five seconds before work began. ' 

With the onset of work a large initial decrease of P.S.R. occm’red. The de- 
crease was definite tvitliin five seconds and in some cases reached the maximal 
amount at the end of fifteen seconds, although it sometimes continued bejmnd 
the first minute of work. The level of P.S.R. attained during work depends on 
the 'load, as may be seen in group 2 (fig. 2) at the thu’d period when the load 
was increased. 

After the initial drop the level from period to period decreased at a slower 
rate or remained the same or definitely rose. Subsequent to the fourth minute 
of work the level in almost all cases decreased. The foregoing changes in level 
also occurred when the work was continuous for a period of ten minutes. In the 
exijeriments vith alternate work and rest, P.S.R. with few-exceptions rose during 
rest and dropped with work. 
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A lise in tlic trend of P .S.R, after the initial fall does not depend on a decrease 
in the working rate, since it occurred when the rate of work remained constant, 
as may be seen in figures 4C and 5. The final drop in the level beginning in the 
fourth to sixth work period is also not dependent on the rate of work, since it 
occurred with a constant, a rising, or a falling output. In other experiments 
work vith relatively hea^y loads for only two minutes was sometimes followed 
by decreases of resistance in the resting record six to eight minutes after the 
beginning of work. This point also corresponded to the time at which two sub- 
jects collapsed on the bicycle (fig. 4B). Subject P was able to remain for a short 


TABLE 2 

Correlation between day to day changes of P.S.R. and changes of work output on the bicycle 

ergometer 


GROrp 

SUBJECT 

COEinCIE.VTS or correlation’s 

Between work done in the first five one-minute 
work periods* and P.S.R. 

Between total 
• work and P.S.R. 
measured at the 
end of the last 
work period 

Measured 

initiaUy 

j Pleasured during the first work 
period 

At 15 sec. 

At 45 or 55 sec. 

1 i 

w. c. 

-0.42 

-0.54 

—0.55 

-0.58 


R. H. 

d-0.47 

+0.32 

-t-0.23 

-0.56 


M. K, 

-0.17 

+0.06 

-0.26 

-0.12 


G. T. 

-0.42 

-0.22 

-0.28 

-0.20 


' F. S. 

' -0.16 

-0.02 

-0.32 

‘ -0.24 


H. N. 

-0.36 1 

-0.61 j 

-0.59 

-0.57 

2 

B. S. 

-0.14 1 

-0.39 

-0.45 

+0.11 


A. D, 

-0.49 

-0.32 i 

-0.63 

+0.09 


D.X. 

-0.11 

-0.06 

' -0.26 

+0.20 


I. S. 

-0.04 

-1-0.32 

+0.23 

+0.26 


H. i\I. 

-0.14 

-0.66 

-0.50 

-0.35 


E. L. 

-0.42 

-0.41 

-0.23 

-0.21 


M. H. 

-b0.09 

-0.39 

-0.50 

+0.01 

3 

H. L. 

-0.32 

—0.15 

-0.56 

+0.04 


F. F. 

-0.53 

-0.12 

-1-0.04 

+0.48 

Subjects combined 

-0.23 

-0.25 

-0.34 

-0.14 

t for coefficients 

3.72 

4.21 

5.81 

2.22 


* Except for H. L. and F. F. who worked only four periods. 


while on the ergometer after stopping work, and P.S.R, after a small rise dropped 
700 oluns. 

Relationship between P.S.R. and working capacity. iiMarked differences in the 
level of P.S.Pi.. often occurred from one day to the next in the case of each .subject. 
These differences occurred in the P.S.R. measurement made near the end of the 
first period of work, although the amount of work done in this period from day 
to day was fairly constant for each subject of group 1 and quite constant for sub- 
jects of groups 2 and 3, who had relatively lighter loads for the first two periods. 
The day-to-day changes of P.S.R. were found to correlate vdth da 3 *-to-da 3 ^ 
change.s*of total work output on the ergometer. 
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Table 2 shows the Pearson coefficients of correlation between the daj’-'to-daj^ 
changes of work and changes of P.S.R. for each subject, excepting A. L. and A. 
N., whose work records after the third period were unreliable because of muscular 
pains, and E. B., wdio gave evidence of an early arterial hjqiertension. His 
P.S.R. was unusually low and had relatively small variations. Employing the 
method of Fisher (10) the mdividual coefficients were combined and t values 
for measures of significance were obtained for the combined coefficients of corre- 
lation. The coefficients show that a negative correlation exists between day-to- 
day changes of ergometer output and da 3 ’'-to-day changes of three measurements, 
initial P.S.R., P.S.R. at 15 seconds of work, and near the end of the first work 
period; moreover, tliis negative relationship ma}!- be regarded as highly signifi- 
cant. The best measurement is the one obtained near the end of one minute 

/ 

of work. The initial P.S.R. is not a measurement made under conditions of 
relaxation or rest since it ivas made immediatel}’' after mounting the bicycle and 
was preceded bj’- the activity of the day. 

Ergometer performance as a measure of physical fitness or fatigue is known 
to be of limited value. However, over a period of time and with many subjects 
a general relationship does hold between physical fitness and output of work. 
Thus the correlation between work on the bic 3 '’cle ergometer and measurements 
of P.S.R. in the first work period is assumed to indicate a relation between ph 3 ’'si- 
cal fitness and P.S.R. measured during a constant work stress. 

The effect of marked loss of sleep on P.S.R. The imusual P.S.R. curr-e shown 
in figure 4A was obtained in the afternoon following a night during most of which 
the subject had worked at a fairl 3 ’' strenuous and trying task and after which he 
had had onl 3 ' three hours of sleep. The high level, particularl 3 ^ in tlic first three 
work periods where speed and load were practically constant, the retarded fall 
in the eaiiy part of the curve, and the relativel 3 ’’ small rise in the first rest period 
seem to be characteristic after sleep loss. The load for this subject was over one 
and a half times that for most of the men of group 2, accounting for the relativel 3 ’ 
low values of P.S.R. throughout. 

That a relationship exists between P.S.R. and sleep is indicated in that the 
subjects with greater variations in sleep show greater da 3 ’’-to-da 3 ' A'ariations in 
P.S.R. Between the average deviations of sleep of the subjects of groups 1, 2 
and 3 and the standard deviations of P.S.R. measured near the end of the first 
work period, the correlation coefficient is 0.79 with a t of 4.9. 

To illustrate the da 3 '-to-da 3 ’ relationship between sleep and P.S.R., figure 
3 A presents for four subjects of group 2 for a period of nine weeks dail 3 ’’ records 
of P.S.R. after 55 seconds of work and amounts of sleep for the preceding night. 

Subject A, D. had no sleep and was under strain on the nights of No^"ember 
7th and 14th. After each sleep loss his P.S.R. became imusuall 3 ^ high. In the 
first instance, P.S.R. rose to 3740 olmis and in the second to 3840 ohms. Each 
rise was followed b 3 ' a decrease with sleep. liis normal P.S .R. as indicated b 3 ' the 
average during the period prior to the sleep losses, October 6th to 17th, was 
2073 ohms. 

Subject I. S. showed the same effects of sleep loss. In one instance after loss 
of sleep P.S.R. rose to 4860 ohms and in another to 4060 ohms. With better 
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sleep, P.S.R. returaed toward her comparatively rested resistance level of about 
2200 ohms. Similar effects of sleep loss were obseiwed in other subjects. 
Contrasted with A. D. and I. S., subjects E. L. and A. L. had smaller fluctua- 
tions in sleep and correspondingly smaller fluctuations in P.S.R. Moreover, 
duiing the period when their sleep was similar their P.S.R. records showed a 
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Fig. 3. Effect of marked sleep loss on P.S.R. 

A. Two subjects, A. D. and I. S., had marked sleep losses, and two subjects, E. L. and 
A. L., with less sleep losses serve as controls. Targe increases of P .S.R. occurred after sleep 
loss followed by decreases with sleep. 

B. Experiment with two subjects. Marked increases of P.S.R. occurred after large 
sleep losses. 

C. Detailed records of P.S.R. obtained during work e.xperinients on three subjects for 
days with sleep losses and for control days. Sec also figure 4A. 


marked resemblance. Also during the period when A. L. obtained less sleep 
than E. L. her record was at a relatively highei let el. 

The averages of the lowest 20 per cent of the P.S.R. measurements for individ- 
uals of group 2 made near the end of the hrst minute of work ranged from 1735 
ohms to 2290 ohms for the men and from 2115 ohms to 2545 ohms for the women. 
In no case did’ the low records fall on or immediately follow days when the sleep 
was less than the subject’s average amount. The averages of the highest twenty 
per cent of the records e.x-eeeded 3000 ohms for five subject.s, ranging from 3205 
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ohms to 4208 ohms. For four of these subjects, A. D,, D. X., I. S. and A. N., 
the only ones who had very large sleep losses and who frequentl}’- reported being 
very tired, the records were obtained during periods of these losses. In the case 
of the fifth subject, A. L., the records were obtained after less than her average 
sleep. 

The evidence indicates that individual differences in P.S.R. measured under 
a standard work stress are much less between comparative^^ rested subjects 
than differences occurring in the same individual between rested and fatigued 
states. The subjects of groups 1 and 3 cannot be included in this consideration 



Fig. 4. A. Record of P.S.R. and work under the condition of heavy load after a marked 
sleep loss. Although little difference occurred in the work performed in the first two work 
periods, P.S.R. was much higher after loss of sleep. 

B. P.S.R. and work records of two subjects who collapsed during experiments on the 
bicycle ergometer. With collapse, a sharp drop of P.S.R. occurred. For subject R, the 
electroljde was zinc sulphate, accounting for the high P.S.R. level. 

C. Work experiments, each consisting of eight one-minute work periods, were repeated 
throughout the day with rest intervals of 18 minutes. In the llth experiment P.S.R. was 
highest, even in the first work period when work was constant. 


of individual differences because a cold electrohde was used with group 1 and no 
records of week-end sleep and activities ivere kept for either group. 

A dbect experiment on sleep loss in relation to P.S.R. was iierformed on two 
subjects who voluntarily deprived themselves of sleep. Their dail}’^ emplojunent 
was much less severe than for subjects of gi’oup 2, and no stress occuired with the 
loss of sleep. Figure 3B shows for each subject the daily amounts of sleep and 
three daily P.S.R. measurements, initial P.S;R. one minute before work and 
P.S.R. after fifteen seconds and after fift 3 ^-five seconds of work. 

Subject T. T., beginning with an all-night automobile drive and no sleep, 
obtained only twenty-one hours of sleep for a sLx-da}^ period. Then lor the 
following six daj’S he obtained fifty-five hours of sleep. Each P.S.R. measure- 
ment became higher during the period of sleep loss and continued to rise after 
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t\vo nights with fair]}' good sleep. Not until after three niglits of sleep of about 
eight hours each did the P .S.R. records begin to decrease and recover}' continued 
through four additional days, when the record ended. 

■ The P.S,R, record for iM. J., whose .sleep loss was much less than that pf T. T., 
showed considerably less change. The record for the period following sleep 
loss Avas incomplete. 

Average cuiwes of P.S.R. for subjects A, D., I. S. and T. T. under conditions 
of normal sleep and .sleep loss are shoAm in figure 3C. A definite resemblance 
exists betAveen these ciuTes and that of figure 4A. 

The effect of .sleep losses OA'cr the tAA'o-day week-end holidays on P.S.R. com- 
pared AA'ith the effect of usual or better than usual amounts of .sleep is summarized 

TABLE 3 

FjI'eci of week-end holidays on fatigue level of employed workers as indicated by P.SM, 


Average P.S.B. at 55 seconds of work i.s sliown for Monday .md the change from Ihe 
preceding Frid.ay. Average sleep per night i.s .shown for three niglits of the week-end, 
.'V decrease of P.S.Tl. indicates le-ss fatigue .-ind .a rise, grenter kstigue. 


SUBjnCTS 

WITH BETTER THaK 
USUAL REST 

WITH ZrN'USUAttV LARGE 
SLEEP LOSSES 

WHEN’ 0\TRN*rGrtX TRIPS 
^YERE MADE 

AI.I. OTHER AYEEE-EN'DS 

mniiiii 

Change 

from 

Friday 

Ave. 

sleep 

Monday 

Change 

from 

Friday 

Ave. 

sleep 

.Monday 

Change 

from 

Friday 

Ave. 

sleep 


Change 

from 

Friday 

Ave, 

sleep 

K. s 

2080 

-440 

7.00 




2220 

4-83 

7.25 




A. D 

2030 

-310 


3790 


5.57 



2497 

4-37 

7.10 

I. S 

2470 

-490 

8.60 

3910 

-kSlO 

6.40 

2840 

4-520 

7.25 

2910 


7.50 

E. B 

1860 

-160 


2080 

-k200 

G.CG 

1950* 

4-180 

8.20. 

1800 

-163 

8.10 

H. M.... 

2145 

-225 

8.75 , 




2360* 

4-300 

8.00 

2143 

4-61 

8.25 

E. L 

2265 

-245 

8.85 

2650 

4-400 

7.66 

2420 

4-200 

7.90 

2633 

4-16 

7.90 

M. H.... 

2310 

-310 

iSSi 







2550 

-72 

7.75 

A. L 

2585 

-70 


3230 

4-530 

7..33 

3490 

4-860 

7.66 

2893 


7.66 

A. N 

3160 

-70 


3860 

4-1390 

6.66 




3120 

4-140 

7.38 

Av'crage.? 


B 

8.49 


4-802 

6.71 


B 

■ 

Bl 

4-15 

7.71 

t (Fisher) 




4. 26 





B 



Xo. of items... 

14 



8 



9 

■ 

■ 

30 



* Period is from day b.efore to day following a one-day trip betAveen Monday and Friday. 


in table 3. The table includes the data for all Aveek-ends for subjects of group 
2 for AA-hom records AA'ere aA'ailable. With better than usual sleep or rest OA'er the 
AA'cek-end holiday there was for ev'ery subject a fall in the Ica'cI of P.S.R-., but 
an unusually large sleep loss Avas ahvays folioAA'ed by a marked rise of P.S.R. 
The AA'eek-end change of P.S.R. for each condition is statistically significant. 

Effect of mmciilar fatigue on P.S.R. Experiments consisting of two-minute 
Avork periods Avith rest intervals of Aa'c, ten, fifteen and tliirty minutes respec- 
th’ely betAveen succe.ssiA'CAA'ork periods AA'ere performed on the bicycle ergometer. 
The AA*ork was done at a constant .‘=!pced and AAuth tlie heaA'iest load Avliich each 
subject could maintain. 

Figuj-e 5 illustrates the results of four of the five e-xperiments on two subjects. 
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There is a remarkable similarity between the P.S.R. records obtained on the 
two subjects and between' experiments separated b}’- a month. 

The most pronounced effect of previous work on P.S.R. measured during sub- 
sequent work occuri’ed after a rest period of ten minutes, but the effect did not 
full}’- disappear after thirt}'- minutes of rest. The difference between the average 
of the lowest P.S.R. measurements in the first ivork period and in the work period 
after ten minutes of rest is 450 oluns, ivhich is statistically very significant with 
a t of 7.3 for five experiments. A computation of the average of the lowest 
P.S.R. records obtained in each work period for the five experiments gives the 
following values with their standard deviations; 1st period 1746, S.D. 105; 2nd 
period 1810, S.D. 71; 3rd period 2200, S.D. 39; 4th period 2170, S.D. 158; and 



Fig. 5. After-effects of work on P.S.R. Work periods of two minutes with a constant 
heavy load and speed were separated by rest periods of varying amounts. 


5th period 2060, S.D. 333. The low standard deviations are an indication of the 
reliability obtainable Avith the method. The variability between experiments 
is least in the third work period after a ten-minute rest pause. It is of interest 
in this connection to note that Foltz, Ivy and Barborka (11) found less variability 
in work performed on the bicycle ergometer in a second work period performed 
after ten minutes of rest than in the first work period. 

In another experimental series a subject was required to work thi’oughout 
the day until a definite decrease due to fatigue occurred in the work output. 
Eleven experiments were performed. Each experiment consisted of eight one- 
minute periods of work with half -minute rest ]3auses and ivith eighteen minutes 
of rest between experiments except for lunch. 
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^ Figure 4C shows P..S.R. during work periods and rest interv'als for the second, 
ninth and eleventh experiments of the da}-- and the relative rates of work for each 
half of each work period. The general level of P.S.R. Avas lowest when the 
subject was comparative!}’' fresh in the second experiment. In the eleventh 
ex'periment, in which the total Avork output Avas less by fifteen per cent and the 
subject reported being A^ery tired, P.S.R. Avas much higher, even in the first Avork 
period in Avhich the rate of AA’-ork Avas unchanged. 

Influence of electrolyte on P.S.R. The necessity for considering the kind of 
electrolyte in the technique of measuring P.S.R. in order to obtain reliable meas- 
urements is brought out in a comparath’-e study of the effect of different electro- 
lytes on P.S.R. 



Fig. 6. Comparative effects of different electrolytes on P.S.R. during rest and work. The 
resistance was higher when the current was carried to the palm by Zn-f-p ion in comparison 
with the Na+ ion and by the SO^= ion in comparison with the Cl— ion. 


In tAAn different AAnrk e.\periments, sodium chloride AA’^as used as the electro- 
lyte for the right hand. For the left hand zinc sulphate AA’^as used in the first 
expeiament and sodium sulphate in the second. The direction of the current 
determined which of the external ions passed through the skin. The results 
of the experiments are shoAATi in figure 6. Initially, before the e.xtemal ions could 
migrate to the barrier membranes, the resistances Avere not greatly different. 
With time, hoAvcA'er, the resistance to zinc ions increased much more rapidly 
than to chlorine or sodium ions. With rcAmsal of the current the resistance 
to sulphate ions became similar to the re.sistance to zinc ions and much higher 
than to sodium ions. 

The explanation for the greater fall in resistance Avith aa-oiIc Avhen the zinc ions 
carry the current through the skin may he that the sweating to some extent 
carries the zinc electrolyte aAvay from the sweat glands, and the electrolyte 
becomes that of the SAveat itself. 
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STODVLARY 

t 

With the enthe palmar areas in an electrotyte of sodium chloride at body 
temperature, reliable measurements of palmar skin resistance were obtained, 
especially under conditions of a standard Avork stress on the bicycle ergometer. 

The palmar skui resistance decreased Avithin fiA-e seconds after the beginning 
of muscular actmty on the bicycle ergometer, and there AA'as a large decrease in 
the first minute of work. In experiments Avith seA'en or eight AA^ork periods, 
there was a stage during AA'hich the general trend of palmar skin resistance either 
decreased at a slower rate, remained level, or rose, folloAA^ed by a stage in AA’hich 
there was a final doAAuiAA'ard trend. 

A significant negatiA’e correlation AA’as found betAA’een day-to-day changes 
in the level of palmar skin resistance measured near the end of the first minute 
of Avork and working capacity measured by the total AA’ork performed on the 
ergometer. 

Large sleep losses resulted in marked increases of palmar skin resistance meas- 
ured in the first minute of work. RecoA'^erj'- with normal sleep AA^as not immediate. 
Heavy muscular work AAuthout an adequate period for recovery likewise raised 
the leAml of palmar skin resistance. 

The level of palmar sldn resistance measured near the end of one minute of 
AVork under constant conditions of speed and load, constituting a standard AAmrk 
stress, is related to fatigue and physical fitness. Conditions producing fatigue 
are associated AA’ith higher levels of palmar skin resistance. 

We Avi.sh to express our thanks to Profs. A. B. Luckhardt, N. Kleitman and 
Clyde Brooks for theh helpful criticism and suggestions. 
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Our previous studies (1, 2) have showTi that the capillary bed possesses a well- 
defined architectural pattern of differently structured components and that the 
circulation through the bed is conditioned by the interrelated functional activities 
of these components. The significance of the capillary bed as an integrated func- 
tional unit in the peripheral circulatory failure following graded hemorrhage has 
been discussed in our recent publication (3). 

This paper deals vith an observational study of the changes which occur in the 
capillary bed as a result of varying degrees of acute hemorrhage. The observa- 
tions present data by means of which it is possible to distinguish between the 
effects of blood-loss per sc and those re.sulting from the existence of a prolonged 
hypotensive state, as shown in our publication cited above. A need for such data 
has been repeatedl}^ stressed by Wiggers (4). The rat was selected and obsen'a- 
tioas were made simultaneous!}' on the mesenteric circulation in the mesoap- 
pendix and on the cutaneous circulation in the interdigital web of the hind foot. 

Materials and methods. A'lale and female rats (Wistar strain) of about 
125 to 150 grams in weight were used. The rats were deprived of food for about 
10 hours but were allowed to drink water freely. The bleedings were carried 
out while the rats were anesthetized by the subcutaneous administration of so- 
dium pentobarbital (2.5 to 3.5 mgm./lOO gi-ams body weight) in order to permit 
exposure of the mesoappendix. 

Two microscopes were used for the observations which were made uith trans- 
mitted liglit. One was for the mesoappendix, exposed according to a method 
previously described (4), and the other for the interdigital web of the hind foot. 
The cutaneous %'essels were observed by using a depilatory to remove the scurf of 
the epidermis and applying an indifferent oil (paraffin oil) to increase the trans- 
lucency of the skin. The interdigital web AA'as used both for studying the cutane- 
ous circulation and for taking blood pressure readings by the thigh pneumatic 
pressure cuff method (5) for occluding the femoral artery. 

The studies were made in three categories of bleeding volumes, in ranges of 
1.0 to 2.0, 2.0 to 2.5 and 3.0 to 3.5 per cent, the bleedings being I’ecorded in terms 
of percentage of the body weight. In the majority of the e.xperiments the bleed- 
ing was done through the severed stump of the tail immersed in a graduate cylin- 

‘ The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and New York University. It was al.^o supported in part by the Eli Lilly Research Lab- 
oratories and the Josiah Macy, Jr. Foundation. It constitutes the fourth of a series of 
investigations on e.xperimentally induced .shock. The first is no. 2; the second, no. 5; 
the third, no. 7, in the bibliography of this paper. 

, 80 



CAPILLARIES IN’ ACUTE HEMORRHAGE 


81 


der containing warm, isotonic sodium oxalate. By this method an amount 
equal to 2 per cent of the body Aveight could be removed in about 1| to 2 minutes 
and 3 per cent in about -1 to 5 minutes. The induced A^asoconstriction tended to 
preA^ent the removal of larger amounts. This could be generall}^ OAmrcome bj’- 
massaging the tail, AA’hich, hoAA'ever, frequently prolonged the bleeding time to 
about 8 to 10 minutes. 

A feAV rats in each bleeding A’olume categoiy AA^ere bled A’’ery rapidly by vr&y of 
the femoral artery. The artery, exposed in the groin, AA’as incised and the blood 
albAA-^ed to floAv as rapidly as possible into a measured amount of sodium oxalate 
in an artificially^ exposed pocket in the groin. By this means it AA^as possible to 
procure a blood-loss of 3 per cent of the body AA’-eight AAithin 30 to 40 seconds. No 
differences AA'ere detected in the vascular responses to the tAvo types of blood-loss. 

The A'-ascular components of the capillary bed in the interdigital AA'eb are dis- 
tinguished readily but more fragmentarily than in the mesoappendlx. Moreover, 
the cutaneous circulation becomes ischemic Amry early after hemorrhage and 
thereby greatly increases the difficulty'- of folloAAdng the responsh’-eness of the 
A^essels. In contrast to this, the circulation in the mesoappendix is maintained 
considerably longer and the vessels remain clearly’’ A'isible all through the syn- 
drome. For this reason most of the emphasis on the details of the post-hemor- 
rhagic changes in the capillary bed AA'hich are giA’-en in this paper has been on ob- 
servations of the mesoappendix. 

The exposed mesoappendix AA'as constantly’’ irrigated AA’ith a drip of AA’arm gel- 
atin-Ringer’s solution (2). Under these conditions it aars possible to observe 
selected A’’essels of the bed continuously over a period of hours AAith no eA'’idence 
of trauma incidental to exposure of the tissue. 

The observations AA’ere begun before.the bleeding and AA’ere continued through 
the hemorrhagic syndrome. Several criteria, described in our preA-ious publica- 
tion, AA’ere used to indicate the state of the capillary bed. Tl;iese included: a, 
rate and distribution of capillary’ floAv; h, arteriolar and venular caliber; c, A’asomo- 
tion of the metarterioles and precapillaries, and d, reactmty of the metarterioles 
to the topical application of a fcAv drops of epinephi’ine in gelatin-Ringer’s 'solu- 
tion on the surface of the mesoappendix. Each criterion was folloAA’ed on a giA’en 
A’essel or set of vessels throughout the experiment. The epinephi'ine reaction AA’as 
quantitated by noting the^minimal concentration AA’hich produced a narroAA’ing of 
the metarterioles sufficient to reduce but not stop the floAv. The gelatin-Ringer 
drip was stopped during the period of the epinephrine test. BetAA’een successh’e 
tests an inteiwal of af least 1 to 2 minutes was allowed during AA’hich the mesoap- 
pendix AA’as thoroughly irrigated AA’ith the gelatin-Ringer drip. 

Experimental results. A series of 140 rats AA’ere subjected to different 
degrees of blood-loss AA’liile under nembutal anesthesia. The accompany’ing table 
summarizes the relationship between the percentage of blood-loss and the per- 
centage and extent of surA’h’al for this series. Under the conditions of these 
experiments, it AA’as found that a blood-loss of between 3.0 and 3.5 per cent of 
the body AA’eight brought about death in OA’er 80 per cent of the rats AA’itliin 40 to 
60 minutes, and that rats bled more than 3.5 per cent inA’ariabh’ died AA’ithin 25 
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to 35 minutes. Furtheimore, it was found that rats bled to 2.5 per cent or more 
of their bod 3 ^ weight alwa 3 \s died provided the blood pressure had remained be- 
low 60 mm. Hg for about 30 to 60 minutes from the time of the bleeding. 

The skin circulation was consistently curtailed by a blood-loss of 1 per cent and 
greater, irrespective of whether the rats died or survived. On the other hand, 
the mesenteric circulation showed little change until the blood-loss approached 
2 per cent and became markedly curtailed only in those rats that died. In those 
rats which survived, the circulation was characterized by a persistence of the cap- 
illary flow which, although .slowed, never lost its normal directional flow. In 
those rats which eventually succumbed, the slowing of the capillary flow was ac- 
companied by a characteristic sluggish state of the venular flow and a progressive 
intensification of a backflow and trapping of blood in the capillaries and ;the 
venules. 


. Plate. Reaction of vcssets in rat mesoappendix to acute hemorrhage (figures from 

microcinematographs) . 

Effect of moderate blood loss (2 per cent body weight) 

Fig. 1. Before bleeding. Upward arrow, on non-muscular venule (40 fi); dowTiward 
arrow, on arteriole (25 ji ) , ]Metarteriole branching off at right. 

Fig. 2. After bleeding. Arteriole partiallj- contracted, with thickened wall. Met- 
arteriole not affected. Venule congested. 

Asphyxia response five 7Jiinutes before death after blood-loss (S per cent body weight) 

Fig. 3. Arteriole and metarteriolar branch markedly constricted and visible only as 
narrow cords with a few red cells in almost obliterated lumen. Non-muscular 
venule (to left of figure) is not contracted but is poorlj' visible. 

Effect of marhed blood loss {S.S per cent body weight) 

Fig, 4- Before bleeding. Traversing field from left to right (with arrow) is a metarteriole 
(15 fi ) . Branching down from it at the left is a precapillary offshoot leading into a 
true capillary partly covered with fat globules. To right of figure is a muscular 
vemde with two capillaries flowing into it. 

Fig. 5. Immedia'telj* after bleeding. Metarteriole, diameter unchanged, 'with .slowed 
flow evidenced by visibility of individual blood cells. Muscular venule distended 
and congested. 

Fig. 6. One hour after bleeding. Metarteriole with caliber still unchanged but flow 
irregular and pulsatile. Muscular venule much distended because of backflow. 
Venous end of capillaries distended by backflow of blood from venule. 

Responses to topical application of epinephrine (magnification same as in fig. 1) 

Fig. 7. Normal state. Arteriole (25 p) coursing diagonally downward. Muscular 
venule at upper right of figure with non-muscular venule flowing into it. 

Effect of topical application of epinephrine (1:2 million) on vessels before (figs. 8 and 10) and 
after (figs. 9 and 11) a blood-loss of 2.5 per cent. (Note that non-muscular venule is 
unaffected in caliber in either condition.) 

Fig. 8. Before bleeding. IMuscular venule has reacted to the epinephrine by uneven, 
parti.al constriction. 

Fig. 9. Immediately after bleeding. The same venule as in figure S has not reacted to the 
epinephrine. (Slightly narrowed caliber, compared with Fig. 7, was already 
present before application of the epinephrine.) 

Fig. 10. Before bleeding. Arteriole has reacted by a partial constriction. 

Fig. II. After bleeding. Arteriole has re.at;ted by complete constriction, indicating 
hyper -reactivity after bleeding. 
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I. Respojises of the Capillary Circulation. The progressive changes in tJie 
peripheral circulation are described under separate headings, each representing a 
specific degree of blood-loss. The changes brought about by the bleedings in 
the different categories were cumulative. Because of this and in order to avoid 
repetition, the description given for the successively larger bleedings includes 
only the changes observed additional to those already described for the smaller 
bleedings. The chief difference observed was that, the greater the percentage of 
blood-loss, the shorter Avas the period occupied by the initial changes. 

The following descriptions refer to the changes characteristic of the majority 
of animals in each category. The sections dealing Avith a blood-loss of 1 to 2 per 
cent and of 2.0 to 2.5 per cent treat only of those rats AA'hich survived, AAdiile the 
section on blood-loss of 3.0 to 3.5 per cent treats only of those AA'hich died of cir- 
culatory failure. Text figure 1 is a diagi-am of a functional unit of the capillary 
bed together AA'ith the outstanding changes of four criteria folloAving blood-loss. 
Throughout this paper the observations AA^ere confined for the most part to the 

TABLE 1 


27ie (able shows the different degrees of blood-loss to which the HO rats were subjected. In 
each category are indicated the number of survivals and the length of time following 
blood-loss before fatal circulatory failure occurred 


BLOOD-tOSS 

BY PKRCKKTACK OP 
BODY WKICnT 

1 

NO. OF RATS 

i 

NO. OF DEATHS 

BLOOD PRES-SURE 

20 MINUTES AFTER 
BLEEDING 

survival time of 

FATAL CASES 

per cent 



mm. 

min. 

1 

15 

0 

85-90 

» 

2 

30 

3 

70-80 

120 ±20 

2.5 

32 

14 

50-60 

75 ±15 

3-3.5 

55 

45 

40-45 

50 ±10 

4 

8 

8 

30-35 

20 ± 5 


ve.ssels indicated in the figure. The changes for artenes up to 200 to 250// were 
found to be the same as those listed in the subdiAusion for the arteriole. The 
caliber changes for the muscular A^enules and A'-eins (100-300//) are lass striking 
than those for the arteries but are in the .same direction. References in the 
paper to the capillary circulation per se include the other four categories of A'cssels 
listed in the figure. 

a. Blood-loss of 1 to 2 per cent. The rat readily AAuthstood a blood-lo.ss of 1 
per cent or less, no fatalities occurring in this category and no significant changes 
being obserA^ed in the blood vessels, either in the skin or in the mesentery. Out 
of a total of 45 rats subjected to 1 to 2 per cent blood-loss, 42 shoAved spontaneous 
recoA'crj^ and, although a significant depre.ssion of blood pre.ssure and peripheral 
blood flow occurred, both blood pre.ssure and flow returned to normal Avithin 00 
to 90 minutes. The blood pre.s.sure in these rats showed an initial decline Avithin 
10 to 15 minutes after bleeding, levelling off at about 05 to SO mm. Jig, but grad- 
ually returned to normal during the en.suing hour. The three rats which died 
shoAved a precipitous decline in blood pressure and stopped breathing about 12 to 
20 minutes after being bled. 
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Cutaneous. The earliest peripheral vascular manifestation was the develop- 
ment of an ischemia in the skin as a result of a partial vasoconstriction of the 
larger blood vessels. This was accompanied bj’- a marked narrowing of the ar- 
terioles (30m) in the subcutaneous layer and their precapillaiy branches (15m) 
leading into the subpapillaiy plexus of capillaries. The onty flow' discernible in 
the skin wns in the deepl3'- placed vessels which interconnect the arterioles and 
venules. 

Mesenteric. This circulation shownd no change except for a slight slowing in 
the rate of capillary flow', discernible chieflj'- on the venous side of the bed. Ism 



CIRCULATORY CHANGES IN MESENTERY OF RAT 

ACUTE HEMORRHAGE 


r 


K 


HyPOTENSION 
CdOMM. HG> 


DIMINISHED BLOOD 
VOLUME 


ARTERIAL 

CONSTRICTION 


OVERALL SLOWING 
OF 

CAPILLARY FLOW 


INCREASED VASOMOTI 

OF metarterioles 


capillary flow 
ISCHEMIC 


ONSET OF failure 
C40MM.HG) 


r 


SLUGGISH VENOUS FLOW 


GRADUAL CESSATIO^ 
OF VASOMOTION 


REVERSAL OF FLOW 
IN VENULES 


L 


inadequate filling of 
CAPILLARIES 


J 


stagnation OF capIll^ry flow 


V 


1 I 


collapse OF circulation 


I’jg- 1 Fig. 2 

Fig. 1. Diagram of a central channel leading from arteriole through capillarj' bed to 
venule. Listed are responses of the several components of the capillaiy bed to varj'ing 
degrees of hemorrhage. On top of chart the horizontal lines, placed under each given 
degree of blood-loss, indicate the e.xtent to which the changes placed below are carried. 
The rest of the chart is subdivided into several vascular components. Changes in a 
specific function of each are indicated following a given blood-loss. 

Fig. 2. Diagram indicating principal changes in peripheral circulation following acute 
hemorrhage. 


change occurred in the calibez- of the lai-ger arteries (100-150p) and veins (150- 
250m) in the mesoappendLx. 

b. Blood-loss of 2.0 to 2.5 'per cent. A blood-lo-ss of 2.0 to 2.5 per cent of bodj' 
W'eight reiiresents the intermediate range in w'hich .statisticaU3'' significant num- 
bers of deaths occur. Out of a total of 32 rats bled 2,5 per cent of their bodi’’ 
W'eight, 18 survived. This also repi'esents the range in which rvell-defined 
changes occurred in the mesenteric capillar 3 ’- circulation. 

C idaneous. Within 5 to 10 minutes after the on.set of bleeding all the muscular 
vessels underw'ent complete I'asoconstriction and the subpapillaiw’- plexus be- 
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came complete!}^ ischemic. This state was maintained thi*oughout the rest of the 
syndrome. 

Mesenteric. These vessels underwent progressi^'e changes in flow and reactiv- 
ity throughout the sjmdrome. When the blood-loss reached 2.5 per cent, the 
arterioles narrowed markedl 3 ’’, e.g., one of 35 m constricting to 20 m. A few min- 
utes later, the larger arteries constricted to about half their original caliber. 
These changes, combined with the ensuing hypotension (50 to 60 mm. Hg), 
were accompanied bj'- a slowing of flow in the capillaries. The metarterioles ex- 
hibited increased vasomotion but never underwent the prolonged and generalized 
constriction characteristic of the larger vessels. The contrast between the arte- 
rioles and their metarteriolar branches at this stage is shown in plate figures 1 and 
2. The absence of constriction of the metartei-iole is also sho5vn in plate figure 5. 
It should be noted, as shown in the various photogi-aphs of the mesenteric ves- 
sels, that no active contraction ever occurred eithei’ in the true capillaries or in 
the non-muscular venules. 

The blood pressure rarely fell below 50 mm. Hg and no backflow or stagnation 
developed in the mesenteric capillaiy bed circulation. A marked slovdng of flow 
was especialb^ evident on the venous side of the bed and i-esulted in an overfilling 
of the non-muscular venules. However, in the larger veins an adequate flow was 
still maintained because of a flow through direct arterio-venous anastomoses be- 
tween arterioles and venules. During this time the flow through the capillary 
vessels became increasingly restricted to the central channels of the capillaiy bed 
(partial ischemia), until only about one-third of the true capillaries contained an 
active circulation. This restriction of the capillary circulation was accompanied 
bj’’ an increased vasomotion of the metarterioles and precapillaries. The fre- 
quenej’’ of the alternating dilator and constrictor phases increased within 5 to 
10 minutes after the bleeding and was rapidlj’- followed bj'^ a condition in which 
the constrictor phase progi-essh'elj’^ became more prominent. Constriction of 
the precapillarj’’ sphincters confined the flow to the central channels from metar- 
teriole to venule. During the brief dilator phases the opening of the precapillary 
sphincters resulted in a periodicallj’^ recurrent flushing of blood through the capil- 
lary bed so that the ischemia was intermittent. The true capillaries always re- 
mained open even during the relativelj'^ long constrictor phase of the metarterioles 
and precapillaries and continued to drain into the distal end of the flovdng a-v 
channel and thence into the venous cij-culation. 

c. Blood-loss of 3.0 to 3.6 'per cent. In this gi-oup about 80 per cent of the rats 
died, the usual suiA'ival time being 45 to 50 minutes. With this exce.ssive blood- 
loss (3 per cent and greater), the blood pressure fell precipitousl}’^ to about 60 mm. 
and in the fatal ca.ses steadib'- dropped during a subsequent period of 20 to 30 
minutes to a level of about 40 mm. A second abiupt fall then ensued after a 
variable period, culminating in the death of the animal. Four to 5 minutes be- 
fore death a failure of respiration occurred, and a minute or two later there oc- 
curred a sudden and intense con.striction of all the muscular vessels (plate fig. 3) 
which resembled that seen in animals subjected to a.sph\'xia. 

Cutaneous. The marked ischemia, previoush' described, developed within 
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the first few niiiiiites after the onset of bleeding and persisted until the death of 
the animals. 

Mesenteric. In spite of the drastic fall in blood pressure there was no actual 
deterioration of the functional potentialities for maintaining the capillarj'- circu- 
lation up to a few minutes before death. A slow trapping of blood from the 
active circulation occurred in the mesenteric capillaiy vessels. The pooled blood 
oscillated back and forth within the capillaiy bed and eventually, accumulated in 
the venous end of the bed. This pooling and trapping created a mechanical obsta- 
cle to flow in the venules and small veins which made recoveiy increasingly difficult. 
Vasomotion was present throughout, although somewhat diminished in animals 
that went into cii’culatory failure. The reactions of the metarterioles, capillaries 
and venules to a blood-loss of 3.5 per cent are shown in plate figures 4, 5 and 6. 
Figure 6 shows especiall}’- well the trapping of blood in the venules and venous 
capillaries. 

The most variable aspect of the re.sponse of the peripheral blood vessels to acute 
blood-loss Avas the degree to A\diich an increased A'asomotion deA’-eloped and the 
duration of this hyper-activity. Of the 95 rats subjected to a blood-loss of 2.5 
per cent and greater (see table 1) the large majorit}'-, 76 rats, shoAA^ed a hj^per- 
active vasomotion. In the remaining 19 augmentation of A’-asomotion was brief, 
lasting only 4 to 5 minutes. The loss of this was accompanied' by the rapid de- 
velopment of an extremelj’’ poor A^enular floAV. 

In those rats in AAdiich the A'-asomotion shoAA’ed a sustained hyper-actiA^e re- 
sponse, the capillary flow did not become disrupted until the blood pressure fell 
to 45 to 50 mm. Hg. On the other liand, in those rats in Avhich the vasomotion 
shoAA'ed a poor response, the capillary floAv became dismpted at relatively high 
blood pressure leA’^els (65-75 mm. Hg). The former gi-oup of rats lived on the 
aA^erage 55 to 60 minutes after the bleeding, AAffiile the latter Ih’-ed onl3’' 30 to 40 
minutes. 

The small muscular A'-enules (50-70^^) may be considered as part of the capil- 
lary bed proper since their responses closely folloAA^ed those of the other muscular 
components of the capillaiy lied. These A’-enules, like the rest of the capillary 
bed and unlike the larger venules, took no part in the generalized A’-asoconstriction 
AAffiich folIoAA's acute hemorrhage inA'oh’-ing a blood-loss of 2 per cent or more. 
This difference in response again emphasizes the independence of the reactions of 
the components of the capillaiy bed from the remainder of the vascular tree. 

- d. Sequence in circulatory failure. The sequence of events is .illustrated bj’- a 
summaiy of a ty[iical protocol of a rat subjected to a blood-loss of 3.5 per cent 
of body AA'eight. The features listed beloAv, except for A'asoconstriction, are lim- 
ited to obserA'^ations made on the blood A’-essels of the mesoappendix. 

Vasoconsinction. AVhen the blood-loss reached 2 per cent there Avas in the skin 
an oA^er-all ischemia accompanied bj’- an extreme narroAAing of the arterioles and 
muscular A’-enules AA'hich persisted throughout the s 3 mdrome. As the blood-loss 
approached 2.5 per cent, the A'-essels of the mesoappendix began to react, first 
the arteries (60/i) constricting, then the larger A^eins, and finall}^ the terminal 
portions of the Avascular tree. 
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Vasoniotion. As the blood-loss reached 3 per cent, the vasomotion increased. 
The ensuing restriction of the capillary flow was accompanied by a speeding up 
of the venular flow. This speeding up of venular flow was temporary. When 
the blood pressure fell below 50 to 60 mm., the flow became considerably slower. 
The vasomotion progressively diminished and, Avithin 15 minutes after the slow- 
ing of the venular flow, the metarterioles lost their vasomotion and remained 
open. A continuous but sIoav flow from the metarterioles noAV developed and 
many of the capillaries became filled Avith stagnant blood. 

Reduced outjloio from hed. Only the most direct channels from arteriole to 
A^'enule, the A-V-A, contained an active floAv. The A'enules became filled AAuth 
blood cells, a progi’essWely larger proportion of Avhich did not reach the larger 
A^enous A'essels. 

Backflow. Some of the blood in the larger A'enular branches, instead of con- 
tinuing in the normal direction, began to exhibit a backflow into the venules 
and thence into the capillary bed. 

Trapping. As the blood pressure fell beloAA* 50 to 55 mm. the stagnant con- 
dition inA’-oh’ed more and more of the capillaiies so as to mclude man3’- of those 
in the arteriolar end of the bed. During the period of increasing stagnation the 
metarterioles gi-adually lost their A’asomotion and remained partially dilated. 
The existing arteriolar flow was noAA' dWerted through shunts to the larger venules 
and the capillarj’’ bed proper AA-as completelj’^ by^rassed. As the arterial blood 
pressure fell below 40 nun., the backfloAv into the capillaiy bed became increas- 
ingly persistent, accentuating the accumulation of blood in the capillaries and 
A'enules. At the terminal stage the onlj* flow to be noted aabs the backfloAv from 
the A’-enules, Avhich extended thi-ough the bed as far back as the arterioles. This 
AA'as intennittent, and the inteiwening periods of stagnation progressiA>'eW length- 
ened until death ensued, 49 minutes after the bleeding. 

Text figure 2 is a composite Avord diagram of the sequence of changes in the 
peripheral blood A^’essels of the mesoappendix, and is based on observations of the 
70 rats AA^hich died folloAA-ing acute blood-loss. The diagram separates the re- 
sponses AA'hich are concerned AA'ith increased A'asomotion (on right side of chart) 
from those Avhich are a consequence of the hjqjotension and A’^asoconstriction of 
the larger blood A'essels. 

II. Reactions to Siinndi Folloudng Bleeding, a. Hyper-reaciiviUj of visceral 
vessles to epinephrine. In addition to the observational studies described in the 
preAuous section, tests AA'ere made to ascertain the responsiveness of the blood 
A'essels in the mesoapendix to the topical application of epinephrine. 

Attention was focussed on the arterioles, metarterioles, precapillary sphincters 
and muscular A'enules. As shoAA'n in our preA'ioiis publication (2), these are the 
A'essels of the capillary bed which are directly affected by the constrictor action of 
epinephrine. The time capillaries and non-muscular venules react only by 
changes in the rate of blood floAv through them. 

The "critical response” chosen Avas a temporarA* narrowing of the metarteriole 
sttflicient to reduce but not stop the flow', figure 10. For the normal, unbled 
rat the concentration required of epinephrine in Avarm gelatin-Ringer’.s solu- 
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tion to' exert this effect, to be regarded as the minimal effective concentration, 
was constant for a given rat but varied in different rats from about 1 : 1 mill ion 
to 1:3 million. After the minimal effective concentration for a given rat had 
been determined on a selected' metarteriole, the rat was bled and the test was 
then repeated at intervals throughout the sjmdrome. It was found that, a few 
minutes after any blood-loss of 1 per cent or greater of the body weight, the ves- 
sels became hjTjer-reactive to epinephrine and retained this response until shortl}’’ 
before the rat either recovered or succumbed. 

The post-hemorrhagic tests with epinephrine were made in one of two ways: 
either by obsendng any change in the effect of appl 5 dng the concentration used 
before bleeding, or by vaiying the concentration until one was found which pro- 
duced the original “critical response.” 

In a typical case, a concentration of 1:2 million caused the “critical response” 
of a narrovdng of the metarteriole and a slowing of the capiilaiy flow which lasted 
40 to 60 seconds. The rat was then bled 1 per cent of its bod 3 ’- weight and, 2 
minutes later, the same concentration of epinephrine produced, not onlj^ a com- 
plete occlusion of the metarteriole, but also a marked constriction of its feeding 
arteriole and a cessation of capillarj’- flow wliich lasted 6 minutes. 

In the second method of testmg it was found that the minimal eflfecth'e concen- 
tration for the bled rat was usuallj’- one-fourth, and sometimes onlj’- one-fifteenth, 
that required b}'- the rat before bleeding. For example, in the majority of cases 
the minimal effective concentration for unbled rats was 1:2 million to 1:3 mil- 
lion, while for bled rats it was 1:5 million to 1:8 million. In several cases the 
hj’-per-reacti'vity was much higher, the minimal effective concentration dropping 
from 1:3 million for the unbled to 1:45 million for the bled rats. 

The hyper-reactiidty, when once established shortl}’’ aftei’ the onset of bleed- 
ing, persisted vith no further change into the terminal stages of circulatoiy fail- 
ure irrespective of the amount of blood-loss. The metarterioles maintained their 
hj’-per-reactivity until about 10 to 15 minutes before death, when the flow through 
them had become veiy sluggish and sporadic. 

A peculiar feature, wliich developed during the'earlier stages after hemorrhage, 
was a change in the reactivity of the vascular components of the bed relative to 
one another. Thus, the arterioles, which normally are less responsive than the 
metarterioles and precapillaries (cf 2), usualty were found to be the first vessels to 
respond to the epinephrine. 

Plate figures 7 to 11 are photographs of a region in the rat’s mesoappendLx il- 
lustrating the difference in action of epinephrine on several types of vessels before 
and after bleeding. 

The vessels shovm in figure 7 are an arteriole (25^), a muscular venule (75/i) and 
a non-muscular venule leading into it in the noimal state. Figures 8 and 10 
show the response to epinephrine before bleeding. 

Figures 9 and 11 show the response of the same vessels to the same concentra- 
tion of epinephrine after bleeding. 

, For the latter test the region had been inigated with gelatin-Ringer’s solution 
to remove the epinephrine applied previously to restore the vessels to their orig- 
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inal state. The rat was then bled, via the tail, 2 per cent of its bod}-- weight. 
Two minutes after the bleeding a few drops of epinephrine (1:2 million) were ap- 
plied and the photographs, figures 9 and 11, were taken immediately thereafter. 
By comparing figure 9 vith figure 8 it will be seen that the muscular venule after 
bleeding did not .show a response, as it did before bleeding. On the other hand, 
hy comparing figure 11 with figirre 10 it vdll be seen that the constiictor response 
of the arteriole is much more marked. 

b. Hyper-reactivity to mechanical stimuli. This aspect was followed in four to 
six rats in each of the main bleeding categories. Evidence of this type of hj’per- 
reactivity: was obtained in both the mesenteric and cutaneous circulation. 
Stroking the surface of the interdigital web or of the mesoappendix vith a blunt 
glass rod resulted in the immediate appearance of a hyperemic flare. This re- 
sponse was not abolished, regardless of the extent of circulatory failure, and could 
be induced to vithin a few minutes of death. It was particular!}’' striking in the 
already ischemic capillary bed of the web duimg the early stage of hemorrhage. 

The hyper-reactmty of the muscular vessels was also made evident by the 
reaction of the capUlaiy bed in the interdigital web to occlusion of the femoral 
artery and vein by cuff compression of the thigh. Under normal conditions in 
the unbled rat, although the flow through the capillar}’’ bed was made completely 
stagnant by the cuff pressure, the vessels remained clearly \’isible because of the 
numerous blood cells vithin them. In contrast to this, it was noticed that, after 
a bleeding which was insuflicient to produce complete ischemia, cuff occlusion 
resulted in a disappearance of all the capillary vessels. The venules, however, 
contained an increased amount of blood. Evidently, therefore, the difference in 
response to the arterial occlusion, viz., a blanching of the capillaiy bed in the 
bled animal and a non-blanching in the unbled animal, indicates an increased 
reactmty after bleeding, presumably of the smaller arteries and the arterioles. 

Discussion. Observations on the changes in the mesenteric capillary circu- 
lation resulting from acute hemorrhage in rats anesthetized with sodium pen- 
tobarbital are .summarized in text figures 1 and 2. The changes are to be 
attributed not so much to a deterioration of the intrinsic reactivity of the compo- 
nents of the capillar}’^ bed as to a mechanical upset of the hemod}Tiamic relation- 
ship responsible for normal flow. 

Development of hyper-reactivity. The most significant compensatory reactions 
in the capillary bed are an enhancement of the vasomotion and a hyper-reactirity 
to epinephrine of the metarterioles and precapillaries. The enhancement of the 
vasomotion involvds' an increase in intensity of the constrictor phases and re- 
stricts the flow in the bed to the central channels. This continues as long as the 
arterial pressure is sufficient to sustain a unidirectional, though .slowed, flow and 
to maintain the drainage mechanism of the bed. However, when the arterial 
pressure falls below 60 mm. Hg the blood flow through the bed becomes deficient. 
In rats anesthetized with sodium pentobarbital, the critical blood pre.ssure range 
for maintaining a blood flow through the capillar}- bed lies between 00 and 40 
mm . Hg. The h}T)er-reactivity peisists throughout the s}Tidrome . On the other 
hand, the augmented vasomotion now diminishes and exhibits a reversal in the 
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relative duration of its phases. The consequence of this is a spread of flow among 
the capillaries and further slovdng of the blood flow through the bed. Conditions 
finally develop in which the changes in the capillary bed no longer are conipensa- 
tor^^ but, on the contraiy, serve to antagonize the compensatoiy effects of the 
continued vasoconstriction elsewhere. When the arterial pressure approaches 
40 mm., the effect of the deficiencj* of flow becomes so pronounced at the venous 
end of the bed that venous backflow develops. This causes a rei'-ersal of flow in 
the bed which may sometimes extend as far back as into the metarterioles. 

The disturbance in the hemodjmamics of the capillary circulation accentuates 
the congestion in the venous end of the capillary bed and progressive!}’' aggravates 
the general oligemia. A failure of the blood to return from the tissues into the 
veins finally marks the onset of the terminal phase of circulatory failure. The 
end result is stagnation throughout the entire capillaiy bed. It is significant 
that even at this late stage of approaching peripheral circulatory collapse the 
hyper-responsiveness of the muscular vessels of the bed to chemical and mechani-' 
cal stimuli still persists. 

The disorder in the capillary bed, therefore, is to be regarded as mechanical and 
not organic.’ It can be corrected by the infusion of a sufficient quantitj’- of fluid. 
This fact and the high degree of responsiveness to chemical and mechanical 
stimuli maintained by the capillary bed indicate that the failure of the capillary 
circulation is not due to abnormalities inherent in its vascular components. 

Earliest vasoconstriction in skin. It is well recognized that hemorrhage induces 
widespread vasoconstriction. That the minute vessels are included w^as observed 
in the skin of the ear and paw of cats and dogs b}’’ Mann (7) and Meek and E3’ster 
(8). Page and Abell (9) observed similar effects in the vessels of the intestinal 
mesentery of the cat and dog, which included arteries and arterioles of 60 to 150m 
and veins of 100 to 250 m in diameter. 

The literature already contains references which indicate that the visceral and 
musculo-cutaneous vessels differ in the degree of their responsiveness to hemor- 
rhage. Rous and Gilding (10) found that at comparable stages the vasocon- 
striction of the musculo-cutaneous vessels "was generally more complete than that 
of the visceral vessels. Their conclusions w’^ere liased on differences observed in 
bled animals in the distribution of injected dye-solutions and carbon-suspensions. 
Silfverskiold (11) based a similar conclusion on his finding that bleeding caused 
a great reduction in the number of open capillary vessels in the skin and muscles, 
but not in the liver. Likewise, Sjorstrand (12) found that the minute vessels in 
the visceral organs were not appreciabh’- reduced in caliber after a blood-loss as 
great as 20 to 50 per cent by volume and claimed that the pallor of the organs ' 
was due mostl}’’ to a constriction of the larger blood vessels. 

Our observations, made simultaneously on the mesoappendix and the inter- 
digital ireb of the foot of the rat, have .shown that the cutaneous vessels always 
become constricted earlier than those of the mesoappendi-x and that the constric- 
tion of the vessels in the skin is more int6nse and remains for appreciably longer 
periods. 

Vasomoiion and hemodilution. The counterpart of vasoconstriction in the 
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capillary bed is the augmentation of the vasomotion of the metarterioles and pre- 
capillary sphincters, in which the constrictor phases appear more frequently and 
are more intensely developed than the dilator phases. This paper brings out 
the appearance of an accentuated vasomotion at the time when hemodUution is 
knovm to occnr. Augmented vasomotion is a prominent feature of the recovery 
phase foUo^ving moderate hemorrhage. The consequences are twofold. First, 
it restricts the flow to the central a-v channels so that the offshoots of these 
channels cany no arterial blood to the capillaries. Second, the active flow in 
the central channels ser\'’es to maintain an effective drainage of the inflowing 
branches coming from the capillaries. This favors a diffusion of fluid from the 
surrounding tissue spaces into capillaries. This mechanism sets up conditions 
which should favor the occurrence of hemodilution. 

SxBEMARY. A. Blood pressure. A significant drop of blood pressure in rats 
anesthetized with sodium pentobarbital occurs after a blood-loss of 1 per cent 
and more of their body weight. 

B. Mortality. The maximum amount of acute blood loss than can be toler- 
ated by the rat under nembutal anesthesia is about 3 .5 jjer cent of its bod}'^ weight. 

C. Vasoconstriction. 1. In the skin, vasoconstriction always appears earlier, 
is more pronounced and is of longer duration than in the mesoappendix, 

2.^ In the mesoappendix, the initial vasoconstriction is never sufficient to pre- 
vent a continuous, though slowed, flow and there is little or no stasis in the true 
capillaries. Continued vasoconstriction accompanied by drastic h 3 ’^potension 
finally disrupts the capillarj’’ flow. 

D. Augm-cnied vasomotion. The augmentation of vasomotion during moder- 
ate, and during the earlj^ stages of severe, hemorrhage restricts the blood flow 
to the central channels of the capillarj^ bed. 

E. Reactivity to epinephrine. Hemorrhage induces, in the muscular vessels of 
the mesoappendix, a hj'per-reacthdty to the local application of epinephrine 
which continues into the terminal stage of the S3mdrome. 

F. Circidatory failure. In the mesoappendix the flow from the arierioles tends 
increasingly to b 3 qoass the capillary bed through direct shunts into the venules. 
When the flow into the capillar 3 ' bed fails, the blood, shunted across to the ven- 
ules, reverses its direction in the venules and flows backward into the capillary 
bed, where it stagnates. 

CONCLUSION 

Acute hemorrhage accentuates certain normal features of the capillary circu- 
lation in the compensatoiy reactions against fluid loss. The main featiire is an 
augmentation of the vasomotion, which contributes to hemodilution. The re- 
activit 3 ' of the muscular components of the capillaiy bed to mechanical and chem- 
ical stimuli becomes lypernormal and persists into the terminal stages of the 
circulatoiy failure. It is to be inferred that the failure is due not so much to a de- 
terioration of the intrinsic properties of the capillaiy bed as to the lack of propul- 
sive force from the lowered blood pressure. 



CAPILLARIES IN ACUTE HEMORRBQVGE 


93 


REFERENCES 

(1) ZwEiFACH, B. W. Anat. Rec. 73 : 476, 1939. 

(2) Chambers, R. AND B.W.ZwEiFACn. Am. J. Anat. In press. 

(3) ZwEiFACH, B. W., R. E. Lee, C. Hyman and R. Chambers. Ann. Siirg. In press. 

(4) WiGQERS, C. J. Exper. Med. and Surgery 1: 1, 1943. 

(5) Chambers, R., B. W. Zweifach and B. E, Lowenstein. This Journal 139: 123, 1943. 

(6) Duncan, G. W., C. Hyman and E, L. Chambers. J. Lab. and Clin. Med. 28: 886, 1943. 

(7) AIann, F. C. Bull. Johns Hopkins Hosp. 26: 205, 1914. 

(8) IMeek, W. j. and j. a. E. Eyster. This Journal 66: 1, 1921. 

(9) Page, I. and R. G. Abell. J. Exper. Med. 77: 215, 1943. 

(10) Rous, P. AND H. P., Gilding. J. Exper. Med. 60: 189, 1929. 

(11) SiLFVERSKioLD, B. Skand. Arch. Physiol. 79: 231, 1938. 

(12) SjOrstrand, T. Skand. Arch. Physiol. 71: 85, 1935. 



total' circulating protein and hemoglobin 

IN THE GROWING RAT^ 

JACK METCOFF and CUTTIKG B. FAVOUR 

, From ihe Division of Nutrition, De-partment of Biological Chemistry, Schools of Medicine and 

' Public Health, Harvard University, and ihe 'Medical Clmic of the 

Peter Bent Brigham Hospital, Boston 

Received for publication May 11, 1914 

Hemoglobin (1, 2), plasma protein concentration (3, 4) and blood volume parti- 
tions (5, 6, 7 , 8 ) vary with the stage of growdh and size of the adequately nour- 
ished rat. Data which have been accumulated concerning blood or plasma con- 
stituents such as hemoglobin or plasma protein are usuall}^ expressed in terms of 
concentration, rather than total quantity; that is, as a two rather than a three- 
dimensional expression (9). It is probable that significant changes in the quan- 
tities of hemoglobin and plasma protein have been masked by measuring con- 
centration without regard for the expanding or contracting blood volume, or 
■without estimation of the total amounts of these substances present in the circu- 
lation (10, 11). Considering the relative magnitudes, specific variations in total 
amounts usually will become evident before concentration changes are apparent 
(o, 12, 13). The observed variations in the total circulating amounts of hemo- 
globin and plasma protein and their suggested relationship to rat growth con- 
stitute the basis of this report. The trend of these changes is similar to that 
occurring in humans at comparable stages corresponding to childhood (14, 15, 
16), pubescence (15) and maturity (17, 18). 

Five reports concerning total circulating hemoglobin and total circulating pro- 
tein in the rat have been found in the available literature. Four of these are 
concerned with total circulating hemoglobin (19, 20, 21, 22); one, with total ch- 
culating protein (5). Each method requhed that the animal be sacrified and, 
therefore, precluded a continued experiment. A relativekv simple, compara- 
tivety accurate modification of the dye-dilution method which permits repeated 
deteiminations has been reported for estimating the blood volume partitions in 
the rat (6). Estimation of the total circulating hemoglobin (TCH) and total cir- 
culating protein (TCP) may readily be made with this method. 

Method. Young, weanling (30 to 40 grams), male Sherman-strain rats were 
placed in indmdual cages and maintained on an adequate s.^mthetic diet. This 
diet consisted of : 


Sucrose 

Casein (vitamin free) 18 per cent 

Corn oil (Mazola) ^ 

Plullips and Hart salt mixture IV 4 per cent 


1 Aided in part by a grant from the William W. Wellington Memorial Fund. 
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Tlie water soluble ^^ta^lins“ were added to the ration. The fat soluble vitamins® 
were fed by syiinge 'per os biweekly. Water was provided ad lib. The obseiwed 
rate of growth was 3 to 4.5 grams per day. This maj’- be considered to be a good 
increment of gro^^’th for this strain and diet. The animals appeared health}’’ 
throughout the experiment. Studies were done at three stages of growth using 
young (after 14 days on the experimental diet), pubescent (after 24 days on the 
experimental diet), and mature (31+ days on the experimental diet) rats. Hemo- 
globin, hematocrit and total plasma protein concentration deteiminations were 
made on thirty-four 3mung animals. In twelve of these, blood and plasma 
volume partition determinations were also done. Similar determinations, in- 
cluding blood volume partitions, were made on nine pubescent rats not bled in 
the previous experiment. The hemoglobin, hematociit and total plasma protein 
concentration deteiminations were repeated on twenty-five mature animals. 
Blood and plasma volume partitions ivere estimated in thirteen of these. All of 
the mature rats were from the previous!}’’ bled young and pubescent groups. 
Two to 3 weeks were allowed to elapse in the interim between bleedings in every 
instance. Tliis is ample time for both hemoglobin (21, 22, 23) and plasma pro- 
tein regeneration (24). 

Determinations were made on 0.8 cc. blood obtained from the ether-anesthe- 
tized animal by heart puncture. Dried heparin was used as the anticoagulant. 
Total circulating protein, total circulating hemoglobin and total mean corpus- 
cular hemoglobin concentration (the ratio of circulating hemoglobin to circulat- 
ing erythrocytes) were estimated only in those animals in which the blood and 
plasma volume partitions were concurrently measured. 

Proced’Ore. Hemoglobin concentration was determined with the Klett- 
Summerson photoelectric colorimeter using a 540 mm filter. Presence of the 
diazo blue dye T-1824^ in the plasma does not interfere appreciably with the 
hemoglobin determination, since the light absorption of the dye is maximal at 
620 mm (25). ' 

The hematocrit may be calculated from the hemoglobin concentration since 
the mean corpuscular hemoglobin and mean corpuscular volume of rat eryth- 
rocytes are proportionally decreased (26). Moreover, changes in cell gra’^dty 
usually parallel changes in cell hemoglobin, and the relationsliip is more or less 
constant (27, 28). Comparison of determined hemoglobins and hematocrits 
demonstrates the apparent relationship (12, 29). Cell volume concentration 
(hematocrit) may be estimated from the value for hemoglobin in grams/100 cc., 
where 

Hematocrit =2.95 X hemoglobin. 

The eiTor is ± 0.4 per cent. The derivation of the formula has been discussed 
pre'^dously (6). 

- Thiamine chloride 200 y, P 5 'ridoxine h 3 'drochIoride 200 Choline chloride 100 mgm., 
Riboflavin 400 y, Xiacin 2500 y, and Calcium pantothenate 1500 y per 100 grams ration. 

5 Haliver oil 0.5 gram, viosterol 0.25 gram, and or-tocopherol 0.375 gram made up to 37.5 
cc. \rith corn oil, 0.05 cc./feeding. 

^ Used in the blood volume procedure. 
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Total plasma protein concentration (gi-ams/lOO cc.) was determined gravi- 
metrically by the copper sulfate method of Phillips, Van Slyke et al. (28). Since 
the partial specific volumes in terms of weight and nitrogen of animal and human 
plasma proteins are quite similar (30), the gravimetric method may reasonably be 
applied to estimation of plasma protein concentration in the rat without signifi- 
cant change in constants and invoKung only a small systematic error. Average 
specific gravity of adult rat plasma (twenty-five samples) was found to be 1.0302. 
This is somewhat higher than the value obtained for man (1.0264) (28). The 
specific gi-avity of pooled rat plasma samples determined by the copper sulfate 
method checked to within 0.1 per cent of the values obtained by the falling drop 
method used in the clinical laboratory The gravity error of the copper sulfate 
method is ± 0.0002, which entails an error of 0.06 cc./lOO grams in the calcu- 
lated plasma protein concentration. The dye, when diluted in the plasma, does 
not significantly alter the specific gravity. 

Plasma volmnes were determined by measuring the plasma dilution of a Icnomi 
amount of the injected blue dj-e T-1824. A single blood sample was obtained by 
heart puncture 3.5 to 4.25 minutes after dye injection. Concentration of the dye 
in the plasma was- measured with the photoelectric colorimeter. Total plasma 
volume was calculated directly (6). To allow comparison, all volume measure- 
ments were adjusted to a unit of surface area (100 cm."). Surface area was cal- 
culated bj’- Lee’s foimula (31). Total circulating protein and total circulating 
hemoglobin were calculated by multiplying total protein and hemoglobin con- 
centration by unit plasma and unit blood volume respectively. Total mean 
corpuscular hemoglobin concentration, the ratio of circulating hemoglobin to 
circulating crythrocjdes, was estimated by dividing unit total circulating hemo- 
globin b}^ unit total circulating cell volume. 

Observations. The mean ^'alues for the data obtained are-summarized in 
table 1. The ‘T-test” (32) has been used to compare means. The relation of the 
total quantities of hemoglobin and plasma protein in the circulation to the stage 
of gi’owth is diagraramatically illustrated in figures 1 and 2. In this instance 
growth is expressed in terms of surface area. 

Unit total cell volume apparently increases exponential!}' until maturity is 
attained however, no .significant increase in hemoglobin concentration (gram/100 
cc.) is noted until after puberty in the groAving rat. Thereafter, the increase is 
almo.'Jt linear until maturity is reached.^ The values obtained for hemoglobin 
concentration in young and mature rats are similar to those noted by others 
(2, 4). In three-dimensional teims, the obseived increase of unit total circulat- 
ing hemoglobin® is the resultant of increasing unit cell volume and hemoglobin 

5 We are indebted to Dr. Otto Scliales who performed the check determinations. 

c (pubescent vs. j'oung) t = 3.72, n = 19, F = < 0.01; therefore significant. CVu 
(pubescent vs. mature) t = 2.31, = 20, F = < 0.05; therefore prob.ably significant. 

r Hemoglobin (\-oung v». pubescent) ( == IAS, n = 41, i = 0.1 ; therefore not significant. 
Hemo-^lobin (pubescent vs. mature) t = 5.00, n = 29,1 = 0.01; therefore significant. 

8 Unit total circulating hemoglobin (pubescent vs. young) t = 3.74, n = 19, F = < 0.01; 
therefore significant. Unit total circulating hemoglobin (pubescent %'S. mature) I = 3.12, 
ji = 20, JP = < 0.01; therefore significant. 
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concentration. The increase of hemoglobin mass appears to parallel the expo- 
nential body groM-th cun^e. The values obtained for unit total circulating hemo- 
globin are vitliin the range of those previously found by the washing-out and 
carbon monoxide blood volume techniques (19, 20,21, 22). B3' using the unit 
^'alues for total circulating hemoglobin and total cell volume, mean corpuscular 
hemoglobin concentration assumes a total volume character. It is of interest 
that in rats, as in humans (29), the total mean corpuscular Hemoglobin concen- 


TABLE 1 

Values at three stages of groivth 



VOUN’G 

PGUESCEKT 

MATURE 


VOUNC 

1 t 

pubescentI mature 
1 

Weisht (grams) 

40.4- CS.3 
(34) 

73.3- 89.1 
(0) 

119.3-335.8 

(25) 

Unit blood 
volume (cc./ 
100 cm.5) 

3.40 

±0.480 

4.72 

±0.574 

4.78 

±0.510 

Surface area 
(cm.-) 

115.2-158.1 

(34) 



Unit cell vol- 
um (cc./lOO 
cm.:) 

1.28 

±0.210 

1.7n 

2.00 

Hemoglobin 
(grams /1 00 

CO.) 

11.7 ±0.210 
±1.258 
(34) 

12.2 

=i:0.949 

(9) 

15.1 ±0.275 
±1.292 
(22) 

i 

Blood volume 
(% body 
weight) 

S.P 

±1.08 


Hematocrit (cc. 
cellVIOO cc.) 

34.7 ±0.018 
±3.01 
- (34) 


44.0 ±0.851 
±3.91 
(22) 


■■■ 

Circulating 

protein 

(grams/BVu) 

0.135 

±0.0207 

0.100 

±0.0219 

0.217 

±0.0303 

Total protein 
concentration 
(granis/100 
cc.) 

5.02 ±0.131 
±0.700 
(34) 

0.00 

±0.400 

(9) 

8.07 ±0.007 
±0.335 
(25) 

Circulating 

hemoglobin 

(grams/BV„) 

0.429 

±0.0735 

0.578 

±0.0871 

0.711 

±0.105 

Total blood 
volume (cc.) 

4.75 

±0.91 

(12) 

— 

14.21 

±2.48 

(13) 

Total mean cor- 
puscular 
hemoglobin 
concentration 
(%) 

33.5 

±0.99 

33.3 

±2.08 

34.8 

±2.73 

Total pla-sma 
volume (cc.) 

2.98 

±0.57 

(12) 


7.97 

±1.87 

(14) 

Unit plasma 
volume (cc./ 
100 cm.2) 


2.99 

±0.38 

2.77 

±0.40 


Numbers in parentheses refer to number of observations contributing to mean and o-. 
Nolet Standard deviation of the mean (ffnican) "Tittcn after the mean; 

Standard deviation of tlio samples (vdistribuuon) written below the mean; 

Where n = (n — 1) in samples < 25. 


tration, like the mean corpuscular hemoglobin concentration, does not change 
vith growth.® 

A significant exponential increase in the total plasma protein concentration is 
noted at each of the three observed stages of rat groviih.^® The values obtained 

9 Total mean corpuscular hemoglobin concentration (mature vs. young) t — 1.42, n = 22, 
P = < 0.2; therefore not significant. Total mean corpuscular hemoglobin concentration 
(mature vs. pubescent) t ~ 0.935, n = 20, P = <(&.4; therefore not significant. 

Total protein (young vs. pubescent) t — 4.12, n = 41, P = < 0.01 ; therefore significant. 
Total protein (pubescent vs. mature) f == 10, n = 32, P = < 0.01; therefore significant. 
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in young rats are in accord with those usually found at this age (4, 5, 33). The 
mean value obtained for mature rats is somewhat greater than that usually noted. 
If, as TlTdpple states, the plasma reflects the protein stores (34), it is possible that 
other stock diets were somewhat deficient in protein. It is more likely, however, 

\ that the discrepancy stems from the method used for analysis. In most reports, 
total protein concentration appears to have been deteimined bj’- micro-Kjeldahl 
analysis. The conversion factor 6.25 is usually employed. Recently completed . 
anatyses of plasma from well-nourished rats demonstrates the factor to be 6.81 
which is in the middle of the range for humans (35). The difference could ac- 
coimt for the discrepanc 3 ^ The total circulating protein, calculated and ad- 



Fig. 1 Fig. 2 

Fig. 1. Hemoglobin and growth. The relationship and probable significance of changes 
in hemoglobin concentration, unit cell volume, unit total circulating hemoglobin and total 
mean corpuscular hemoglobin concentration with growth of the rat. Growth is e.xpressed 
in terms of surface area. Plus sign indicates significant difference between dots. 

Fig. 2. Plasma protein and growth. The relationship and probable significance of 
changes in total plasma protein concentration, unit plasma volume, and unit total circulat- 
ing protein with growth. Growth is expressed in terms of surface area. Plus sign indicates 
significant difference between dots. 

* 

justed to unit volume, significantly increases during early growth. This increase 
is maximal at a time coincident with pubertj*. Tlie slight observed increase with 

” The specific nitrogen factor of the nondializable protein of whole plasma appears to be 
considerably greater than the conventional 0.25. The value observed is close to that deter- 
mined for the nondializable proteins of normal human plasma, namely, between G.G and 7.0. 
As in the case of human plasma, the nitrogen factor will vary to a certain extent from pool 
to pool according to the bound lipoid content of the beta globulins, and thus it may well be 
expected that in hypoproteinemic animals as in the case of hypoproteinemic humans a lower 
factor may be obtained. € 


TOTAL CIRCULATING PROTEIN/IOOCM* 
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complete maturity is not statistical!}^ significant The estimated mean value 
for unit total circulating protein in the mature rat differs from that obtained bv 
Cutting and Cutter (5), but comparison is difficult. The similarities of the 
plasma volume and total protein concentration obsen’ed bj’- both groups of 
workers suggest that the unit circulating protein value differences are dependent 
upon the relative difference in surface area as calculated. 

The changes of plasma protein associated -with growth are indicated in figure 2. 

It is evident that all cuiwes, vith the exception of hemoglobin concentration 
and total mean corpuscular hemoglobin Concentration, follow the exponential 
growth cuiwe. The progression of the cun'es in each instance is somewhat 
different. Since no significant difference was found to exist between the mean 
values for total mean corpuscular hemoglobin concentration, it has been plotted 
as a straight line. 

Discussion. The values for the mass of hemoglobin and protein in the cir- 
culation presented in table 1 are relative rather than absolute. Absolute tlmee- 
dimensional values for protein and hemoglobin would be largely dependent upon 
absolute accuracy of the method used to determine the blood volume partitions. 
Such accurac}'’ has not yet been attained. Plasma dilution of the diazo blue dye 
T-1824 seemed to offer the best method, at the present time, for estimating these 
partitions in the rat with even relative accui'ac}'-. Two recent important criti- 
cisms of the dye method desen-e mention. Relatii'-e to plasma volume, it has 
been sugg^ted that dyes measure a fraction of the total plasma protein vith 
which they combine rather than the actual plasma volume (36). Since the pro- 
tein may be either in the blood or the interstitial spaces, this criticism is more 
significant when applied to extrapolation procedures. It is unlikely that a signi- 
ficant quantity of dye affixed to protein enters the Ijunjih within 4 minutes in 
the rat. Relative to blood volume, use of the radioactive isotope of iron and 
' vmperfusion in the dog has suggested an inherent systematic error when blood 
volume is estimated from the dj'-e-determined plasma volume and venous hema- 
tocrit (37). The error would result in an apparently larger total cell volume. 
Four different variations, all emploj’-ing the isotope, were used by Hahn et al. to 
determine the mass of er 3 dhroc 3 ffes. Each calculation, howevez-, involved a 
venous hematocrit in the denominator. This is of some interest in that, as they 
conclude, the average hematocrit of the entire vascular system is considerably 
lower than that of the large vessels. Plasma volume was determined from a 
single sample obtained 4 minutes after dye injection. It has been stated that 
such an interval does not allow for complete mixing in the dog (38). Both of 
these discrepancies could conceivably result in the apparently smaller total cell 
volume which was obsen^ed. Since the mean total plasma A'olumes of the rat 
obtained by the dye method (6) are quite similar to those calculated from cell 

Unit total circulating protein (pubescent vs. young) i = 7.14, 7i = 19, P = <0.01; there- 
fore significant. 

Unit total circulating protein (pubescent vs. mature) t = 1.74, n = 20, P = >0.1; therefore 
not significant. 
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volume obtained by viviperfusion (5), presumably total cell volumes are similar 
in both instances. Were a systematic error inherent in the volume method used, 
therelationships to be discussed nevertheless would remain proportional. 

Total plasma, cell and blood volumes are related to bodj’- size. This relation- 
ship is not linear. Unit plasma volume (cc./lOO cm.-) attains its maximal value 
in the pubescent rat and maintains this level in maturity (6) . Unit blood volume 
has a similar trend. It is interesting, however, that the blood volume expressed 
as per cent of body weight is significantly greater at pubescence than at any other 
time. Data on children suggest the transient occurrence of a similar event (15). 
This observation.is not satisfactorily explained on the basis of physical size or age 
alone. It may be of some significance that the basal metabolic rate of pubescent 
rats is elevated at this time (39). The unit erythrocyte and hemoglobin mass 
appear to parallel body mass growth. The unit plasma volume grows more 
rapidly — attaining homeostasis at a body size coincident with puberty. 

With these volume changes in mind, reference to figure 1 indicates that the 
three-dimensional measure of hemoglobin is probably more representative of the 
physiologic variation vith growth. The apparent abrupt change in hemoglobin 
concentration becomes a gradual exponential change when the total amount of 
circulating hemoglobin is considered. The volume of hemoglobin normally con- 
tained in the blood is variable and appears to be influenced by growth. The 
volume of hemoglobin normallj’- contained within the cell is less vaiiable. With- 
in the ranges obseived, it is quite unchanging. Growth changes in unit circu- 
lating hemoglobin appear to parallel those of unit cell volume. If one calculates 
the hemoglobin from the hematocrit values recorded in the blood volume studies 
on children (14, 15) and adults (18), it is possible to determine the unit total cir- 
culating hemoglobin from the data. The trend of values obtained in such 
fashion is similar to that noted in i*ats. 

Reference to figure 2 indicates that the homeostatic mechanism is not readily 
appreciated if plasma protein concentration — a two-dimensional measurement — 
is considered alone. It is more apparent if the unit total circulating protein is 
determined. As in the human (16), total plasma protein concentration in- 
creases with increa.sing maturity. The relative times at which plasma protein 
concentrations attain adult values, however, differ in the two species. In the 
human this value is reached between the fir.st and second 3 '^car of life (14); in the ' 
rat, shortb' after puberty.'* Growth changes in unit circulating protein ap- 
parentty parallel those of unit plasma volume, and are maximal at puberty in 
rats. In man, maximal unit circulating protein values are apparently obtained 
before the end of the second year of life (14). 

Amino acids derived from food provide the ultimate source of the construction 
materials needed in growth. These amino acids maintain a d^mamic equilibrium 
between blood and tissues. Since mu-'^cle and plasma accept dietarx" protein 
nitrogen most readil.v, the.v rejn-e.'-ent the e.xisting djmamic state most completely 

!- One liimdrctl and nineteen to 122 prame grov.dnp rats have attained adult plasma pro- 
tein concentration. In 0 such anim.als, the average total protein concentration was S.O 
gram per cent. 
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(40). Growth apparently depends in large part upon the early successful estab- 
lishment of homeostasis between the extracellular fluid and the muscle and organ 
tissues. Homeostasis, in turn, is largely dependent upon relative constancy of 
any unit volume of the extracellular fluid (41). The relatively few observations 
of this experiment suggest that this mechanism is involved in the protein and 
hemoglobin economy of the growing rat. Total protein constancy is rapidlj'- 
achieved in a unit volume of plasma while the surrounding body tissues continue 
to grow as the result of the dynamic equilibrium thus established. The ap- 
parent trend and relations of protein and of hemoglobin to the growth economy 
of the rat are in large measure duplicated in the human. In the latter species, 
however, relative plasma protein constancy is apparently attained at an earlier 
age. 

Summary. Forty-tlu-ee weanling, gi-owing rats were fed an adequate synthetic 
diet. The concentration of hemoglobin, erythrocytes and plasma proteins were 
determined in young and pubescent rats. Determinations were repeated in 
twenty-five of these animals after maturity was attained. Blood volume parti- 
tion studies, using the dye T-1824, were done concurrently in most instances. 
These studies enabled calculation of the total circulating plasma protein and 
hemoglobin.. The mean -corpuscular hemoglobin concentration was calculated on 
a three-dimensional basis. 

The plasma protein and hemoglobin content of the blood is better appreciated 
if the total circulating amounts are determined and adjusted to body size ex- 
pressed in terms of unit surface area. The values so obtained are possibly more 
relative than absolute, but afford some insight into the dynamic adjustments 
occurring with growth in the rat. 


CONCLUSIONS 


The following conclusions are qualified by the relative smallness of the sample 
from which they are draAvn: 

1. Unit (cc./lOO cm.-) blood and plasma volume attain their adult values 
coincident with pubescence. 

2. Unit total cell volume increases exponentially until the rat reaches ma- 
turity. 

3. No significant increase in hemoglobin concentration is noted until after 
puberty. The increase thereafter is almost linear. Tlie adult value is attained 
coincident with maturity. 

4. Unit total circulating hemoglobin gradually increases until the adult value 
is attained with maturity. 

5. The total mean corpuscular hemoglobin concentration (ratio of circulating 
hemoglobin to circulating erythroc^'tes) does not change ivith growth. 

6. Plasma protein concentration increases exponentially until the adult value 
is attained shoi-tly after puberty. 

7. The unit total circulating plasma protein is maximal at -puberty^ncLnor- 


mally is relatively constant thereafter. 


-1 


j.r 
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8. These phenomena observed in the rat are similar to those reported for the 

human at comparable stages of development. , 

9. In the interpretation of quantitative changes of plasma protein and hemo- 
globin reference to total circulating amounts, rather than concentration, proba- 
bly affords a better physiologic estimate. 
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Although a definite influence of the parathyroid gland upon calcium metabo- 
lism has been knottm for many years, the mechanism of this effect has remained a 
disputed topic. A number of investigators have suggested that the action of the 
hormone on calcium metabolism is secondaiy to its effect upon phosphate excre- 
tion by the kidney (1, 2, 3). 

The following work was undertaken to determine whether or not the gland 
could maintain the serum calcium level independent of kidney function. 

Methods. Large, adult dogs were used throughout the experiment. The av- 
erage weight was about 20 kilos. All operative procedures were performed 
aseptically, and autopsy of all animals failed to reveal an}’- infectious processes. 
In those animals in which the paratlyroids were removed, the operation con- 
sisted of a total thyroparathj’i-oidectomy. After operation the animals were 
allow’ed water ad libiiwn ljut were not given food or parenteral fluids. 

Fifteen animals were Ijilaterally nephrectomized. In eight of these animals 
parathyroidectomy was carried out at the time of nephrectomy. 

Samples of venous blood were secured from all animals immediately prior to 
operation. Subsequent samples were obtained 12 hours followng operation, and 
at 24 hour intciwals throughout the postoperative survival period. All blood 
samples were analyzed for serum calcium, serum inorganic phosphorus, alkaline 
serum phosphatase and non-protein nitrogen. 

Serium calcium was analyzed by the method of Kramer and Tisdall (4) as 
modified by using the wash solution suggested by Wang (6), and precipitating 
the calcium oxalate for 4 hours. All determinations were done in duplicate and 
onl}’- those values which checked vithin 3 per cent or less, were accepted. 

Serum inorganic phosphoins was determined by the method of Kuttner and 
Lichtenstein (7), adapted to the Klett-Summeison photoelectric colorimeter. 

Phosphatase estimations w^ere made by the method of Bodansky (8). 

Non-protein nitrogen was determined by the method of Koch and McMeekin 

( 9 ). 

Resudts. The average survival time of the animals undergoing thyropara- 
Ihyroidectomy and nephrectomy was 74 hours; W’hile the average survival time 
of the group having only the kidneys removed was 95 hours. Due to the acute ter- 
minal symptoms of tetany and uremia, only the values obtained for the 72 hour 
period following operation will be considered here. 

Tiie average serum calcium values of the nephrectomized animals remained 
within normal limits (11.0 to 10.2 mgm. per cent); while the serum calcium value 
of the thyroparathyroidectoraized and nephrectomized group decreased from an 
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average control value of 11.3 ragm. iier cent, to an average value of 5.9 nagm. per 
cent in an interval of 72 hours. See table 1. 

The serum inorganic phosphate of both groups of animals was greatly elevated. 
The average value in 72 hours for the nephrectomized dogs was 25.6 mgm. per 
cent, an increase of 21 mgm. per cent above the average initial value. The 
animals with nejihrectomj'' and parathyroidectomy averaged 17.1 mgm. per cent 
above the initial value. See table 1. 

The alkaline serum phosphatase underwent a slow elevation following opera- 
tion. There was no significant difference in this elevation between the two 
groups. In the 72 hour post-operative period the value for the nephrectomized 
group rose from an average of 1.4 to 3.6 Bodansky units. Similarly the control 
value of the thyroparathyroidectomized group was 1 .2, which increased to 4.3 
Bodansky units vithin the same period. 

The non-protein nitrogen control value for the nephrectomized group was 
29.7 mgm. per cent. This increased to an average of 322 mgm. per cent in 72 

TABLE 1 


Average serum values of ncphrcclomizcd-parathyroideclomized dogs as compared to a group of 

nephrectomized animals 


POSTOPERATJVi: 

HOURS 

PARATHYROIDECTOMY AND NEPHRECTOMY 

NErjlRECTOMY ONLY 

No. of 
animals 

Ca 

P 

Pt.* 

N.r.N. 

No. of 
animals 

Ca 

p 

Pt.* 

N.P.N. 

Control. . .• 

8 

11.3 

3.8 

1.2 

33 

7 

11.0 

4.7 

1.4 


12 hours 

8 

10.4 

8.3 

2.6 

60 

7 

11.6 

9.5' 

1.9 


24 hours 

8 , 

9.1 

7.6 

3.7 

107 

7 

11.0 

10.2 

2.7 

113 

48 hours 


6.7 

11.4 

5.2 

196 

7 

tSB 

13.8 

2.7 


72 hours.'. .' 


5.9 

17.1 

4.3 

268 

6 

m 

25.0 

3.6 

• 332 


* Pt. = alkaline phosphatase in Bodansky units. 
All other values in milligrams per cent. 


hours. The control value for the -thyroparathyroidectomized group was 33 
mgm. per cent, which increased an average of 268 mgm. per cent in an equal 
period. 

Discussion. It has been suggested that parathyroid hormone exerts a direct 
effect upon the osteoclasts, thereby causing mobilization of calcium from osseous 
tissue (10, 11). The mechanism of such an action is, according to McLean and 
Bloom (12), simultaneous dissolving of both bone salts and organic matrix liy a 
local cellular action. 

Another belief has been that the Iioi’mone itself, or some substance formed bj’^ 
the hoiTuone, is instrumental in increasing the solvent power of the plasma for 
calcium (13). This substance was thought to combine with the ionic calcium to 
form an organic comioound. Bj'’ this mechanism the concentration of ionic cal- 
cium in the plasma was lowered and that of the unionized diffusible organic cal- 
cium was increased. Since tlic concentration of ionic calcium of the plasma was 
thought to be in equilibrium with the calcium phosphoius complex of lione, this 
caused a mobilization of bone calcium into the plasma. 






















106 


E. P. MONAHAN; AND SMITH FREEMAN 


A concept that is receiving considerable current support is that the primary 
action of the parathyroids is upon the metabolism of phosphates (14, 15). It has 
been shoivn that the hormone increases urinary phosphorus excretion by reduc- 
ing its reabsorption by the kidney tubules (16). The increased excretion of 
phosphorus reduces its concentration in the blood, and secondary to this decrease 
there is an increase in the calcium content of the blood (2, 3) . In support of this 
view is the fact that extracts of parathyroid glands have no hypercalcemic effect 
when the kidneys have been removed or rendered nonfunctional (17, 18). Fur- 
thermore it has been obseiwed by Neufeld and Collip that when a high concen- 
tration of phosphate is maintained by intravenous administration, it is impossible 
to produce a hypercalcemia noth parathyroid extract (18). 

These experiments (17, 18) show that a hypercalcemia cannot be produced by 
parathyroid hormone in the presence of a hyperphosphatemia, but furnish no 
adequate basis for concluding how the hormone influences the serum calcium con- 
centration. 

The results obtained in the present study show that the parathyroid gland can 
maintain a normal serum calcium level without kidney function, and independent 
of a wide variation in the concenti’ation of inorganic phosphorus in the serum. 
The difference in the behavior of the serum calcium in the two groups of animals 
in spite of a marked elevation of semm inorganic phosphorus in both groups, is 
evidence for this fact. 

SUMMARY 

A decrease in the serum calcium concentration amounting to about 60 per cent 
in 72 hours 'was observed in nephrectomized-parathjToidectomized dogs. No 
similar decrease was observed in nephrectomized controls. The serum inorganic 
phosphorus and non-protein nitrogen were markedly elevated in both groups. 

The evidence presented indicates that the parathyroid gland exerts an influ- 
ence on calcium metabolism that is independent of the kidneys. 
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It has recent^ been demonstrated that caffeine is a jiotent stimulant of gastric 
secretion in the cat and in man (1). In the course of these studies on the com- 
parative effectiveness of histamine and caffeine as gastric stimulants, it was ob- 
served that after caffeine a subsequent dose of histamine provoked a greatly 
enhanced gastric secretoiy response when compared to the histamine response 
before caffeine. The purpose of the present investigation was to detennine 
whether a synergistic relation between caffeine and histamine can be demon- 
strated, the term synergism being used to characterize the response obtained 
when the combined action of two drugs administered at the same time is greater 
than that which would be anticipated from the sum of their individual actions. 

Methobs. Cats. Acute experiments on cats under light chloroform anes- 
thesia were conducted using a modification (2) of the technique devised by Lim 
(3) which consists of ligation of the cardio-esophageal junction, exclusion of the 
vagi by previous dissection, and cannulation of the stomach with a perforated 
rubber tube inserted through the pylorus to permit continuous drainage of gas- 
tric juice. With cats prepared in this manner, the gastric secretory response to 
histamine, caffeine, and , histamine plus caffeine was studied. The histamine 
used was the dihydrochloride (Iniido, Hoffman-La Roche), injected subcutane- 
ously; the dose varied from 0.2 to 0.5 mgm., but was kept constant for any 
given animal. An aqueous solution of caffeine with sodium benzoate was ad- 
ministered intravenously in a dose of 250 mgm. (containing approximately 125 
mgm. caffeine base). In all expeiiments, before any stimulus was administered 
initially, the animals were allowed to become “basal”; i. e., secreting no free 
acid. 

The experiments on cats were divided into three groups as follows : 

Group A. Histamine-caffeine-lnsiamine sequence. In this group of 8 cats, 
histamine was injected subcutaneously and the gastric juice collected every 10 
minutes for at least 70 minutes or until the response subsided and the basal level 
once again was obtained. Then, caffeine was given intravenously and after its 
stimulation had ceased, the same dose of histamine was again administered. Tiie 
stomach was washed out vith 20 cc. portions of distilled water at the cessation of 
stimulation as indicated by the volume flow from the cannula. 

Group B. Caffeine superimposed on continuous histamine sLvnulation. The 
same dose of histamine was injected subcutaneously eveiy 10 minutes throughout 
the entire course of the experiment. After the secretory response became con- 
stant at a plateau level for at least three 10 minute intervals, a single dose of 
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caffeine was administered intravenously. The histamine injections were con- 
tinued for 1 to 2 hours after the superimposed effect of. caffeine had subsided. 

Group C. Histamine-caffeinc-histamine plus caffeine sequence. In another 
group of 8 cats, the same procedure as outlined in (A) was used except that the 
third injection consisted of histamine (subcutaneously) plus caffeine (intrave- 
nously) simultaneously. The gastric juice was collected every 30 minutes for at 
least 3 hours after each stimulus was applied and the stomach washed twice vdth 
20 cc. portions of distilled water after each inteiwal. The washings were added 
to the secretions in making the titrations for free and total acid output. 

Human Subjects. Fractional gastric analyses were conducted on 10 human 
subjects; all tests being performed after a fast of 10 to 12 hours. To obtaiu the 
“basal” level of secretion, the stomach was emptied completely of its contents 
everj’’ 10 minutes for a control period of one-half hour. Histamine w^as injected 
subcutaneously in doses varying from 0.05 to 0.2 mgm. in the different individ- 
uals, an attempt being made to use a dose gmng a response approximately equal 
to that obtained from a constant dose of caffeine in previous experiments. The 
gastric contents were completely evacuated by aspiration ever^’- 10 minutes for a 
period of at least 70 minutes or until the “basal” level once again was obtained. 
Then, a caffeine test meal (200 cc. water containing 250 mgm. caffeine as the 
sodium benzoate) was introduced into the stomach via the Rehfuss tube. To 
permit exposure of the gastric mucosa to the test meal for a period of 30 minutes, 
a ‘Tilock” technique was used as follows: For the next two 10-minute intervals, 
10 cc. samples of gastric contents were removed for analj’^sis. The purpose in 
removing these samples was to detect the first rise in acid concentration and thus 
the latent period. The stomach was emptied completely of its contents 30 
minutes after the caffeine test meal was introduced and everj’’ 10 minutes there- 
after for a period of at least 70 minutes or until the gastric secretion had returned 
to “basal” level. Having thus obtained in sequence the “basal” level of secre- 
tion and the secretory response to a control dose of histamine and a control 
caffeine test meal, both stimuli were applied simultaneously using the same doses 
of histamine and caffeine and the “block” procedure again conducted as outlined 
above. 

Since alcohol presumably' releases histamine by “irritation” of the gastro- 
intestinal tract (4), another group of studies were made on 5 human subjects to 
determine whether or not a synergistic relation exists between caffeine and 
alcohol. A “block” procedure of fractional analysis was used tliroughout the 
experiment in the following sequence: “basal” control period, 50 cc. 7 per cent 
alcohol, 250 mgm. caffeine (as the sodium benzoate) in 50 cc. of water, and 250 
mgm. caffeine in 50 cc. 7 per cent alcohol. 

All samples of gastric juice in these e.xperiments were titrated against 0.0274 
N NaOH (1 cc. equals 1 mgm. HCl) for free and total acidity, using Topfer’s 
reagent (pH 3.5) and phcnolphthalein (pH 8.5) respccti^'cly. In all cases the 
responses are expressed as the output of acid in milligrams of HCl. 

Results. Cat. The data in table I show that the subcutaneous injection of 
histamine in anesthetized cats after caffeine administered intravenously re.sTilted 
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in a secretor}’- response averaging 288 per cent (calculated on the mean response) 
greater than that , obtained from the same dose of histamine given before the 
caffeine (an average change in the total output of free acid over a 70 minute 
period of 5.9 mgm. to 22.9 mgm. HCl). Cat 6 illustrates an observation made 
quite frequently’' in which' a dose of histamine that failed to provoke a stimulation 
of gastric secretion before caffeine, did manifest an excitosecretory effect after 
caffeine. The duration of histamine response,' as measured by the rate of flow 
from the cannula, was greatly’' prolonged after caffeine (an average change from 
32 min. to more than 86 min.). It is to be noted that the gastric secretory’’ effect 
of caffeine had subsided before the second injection of histamine was given. 
Control experiments in which me same dose of histamine was injected three times 
in sequence after returning to the “basal” level did not result in a greater response 

TABLE 1 


Gastric secretory response to histamine before and after caffeine in cats 


CAT NO. 

PRE-CATPEIXE SECRETORY 

I RESPONSE TO HISTAMINE 

SECRETORY RESPONSE 

TO CAFFEINE 

POST-CAFFEINE SECRETORY 
RESPONSE TO HISTAMINE 

PER CENT 

Volume 

Free 

acid 

Duration 

of 

response 

Volume 

Free 

acid 

Duration 
of I 
response 

Volume 

Free 

acid 

Duration i 
of 

response 

INCREASE 


cc. 


min. 

CC. 

mf^m. 

UCl 

min. 

CC. 


min. 


1 

4.6 

9.3 

28 

2.9 

11.5 

40 

6.4 

38.3 

80 -f 

312 

2 

5.2 

10.6 

30 

3.1 

12.6 

34 

7.5 

22.5 

95 + 

113 

3 

1.5 

5.1 

25 

2.2 

1.8 

30 

4.8 

16.4 

90 + 

221 

4 

2.0 

2.0 

22 ~ 

5.2 

22.1 

40 

6.3 

12.8 

90 + 

504 

5 

3.7 

12.2 

30 

5.7 

17.4 

60 

i 8.4 

40.1 

95 + 

229 

6 

1.2 

0.0 

34 

2.7 

4.5 

40 

3.2 

13.0 

70 + 

CC 

7 

3.7 

5.7 

48 

2.8 

9.3 

35 

5.3 

20.1 

80 + • 

253 


2.1 

2.1 

37 

5.5 

15.8 

47 

7.0 

19.8 

90 + 

843 

Ave 

3.6 

5.9 

32 

3.7 

11.9 

41 

6.1 

1 22.9 

1 

86 + 

353 % 



to the second or third injections; in fact, in some instances the total output of 
free acid became progre.ssively less. 

The results of experiments showing the effect of caffeine upon the continuous 
histamine secretoiy response are summarized in table 2. In this group of 4 cats, 
the same dose of histamine was injected subcutaneously every 10 minutes until a 
plateau level of secretion was maintained constant for 30 minutes at which time 
caffeine (250 mgm. as the sodium benzoate) was administered intravenously in a 
single dose; the histamine injections were continued for 1 to 2 hours after the 
effect of caffeine had subsided. In each case there was a marked and sudden in- 
crease in the volume and total output of free acid draining from the cannula. The 
plateau level of histamine secretion averaged 1.5 cc. and 5.9 mgm. HCl per 10 
minutes; whei-eas the maximum average secretion per 10 minutes, when the 
effect of caffeine was superimposed upon the continuous histamine response was 
2.6 cc. and 12.6 mgm. HCl. The average duration of increased gastric secretion 
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after cafiteine was 75 minutes. The recovery continuous histamine secretory 
curve dipped below the pre-caffeine plateau and again rose to level off at a new 
somewhat lower plateau. This same phenomenon was obseiwed mth acetjd- 
choline or acetyl-betamethjdcholine superimposed upon continuous histamine 
stimulation (5). 

In figm'e 1 the block graph represents the composite free acid response of 8 cats 
to histamine (subcutaneously); caffeine (intravenously) and histamine plus 
caffeine in sequence. The average total output of free acid for a period of 3 hours 
to histamine and caffeine given at the same time was 78 per cent (calculated on 
the mean responses) greater than the sum of the preceding individual responses 
to the same doses of histamine and caffeine given s*eparately. From the graph it 
is evident that not only is the magnitude of stimulation enhanced but the dura- 
tion of response is prolonged and maintained at a higher level. This type of 

TABLE 2 


The effect of caffeine vpon (he continuous histamine secretory response in cats* 


CAT NO. 

BASAL SECRETTON* 
PER 10 iUK. 

PRE-CAITEINE COVXn.'COCS 
niSTAillKE SECRETORY 
RESPONSE PEE 10 iUN. 

CAITEIN’E -F CONTTSnOUS HIS- 
TAMINE SECRETORY RESPONSE 
PER 10 MIN. (MAXIMUM) 

RECOV'ERY COXTINUOnS 
HISTAMINE SECRETORY 
RESPONSE PER 10 MIN. 


Vol. 

Free 

HCl 

Total 

acid 

Vol. 

Free 

HCl 

Total 

acid 

Vol. 

Free 

HCl 



Vol. 




cc. 

7ngm. 

rngm. 


mgm. 


ec. 

mgm. 

mgm. 

. 

mtn. 


mgm. 

mgm. 

1 




0.8 

2.9 


1.2 

5.1 

5.4 

Bn 


1.8 

2.0 

2 

0.15 



2.4 

13.7 


3.5 

19.8 

20.4 

El 


14.4 

14.8 

3 

na 



1.8 

4.5 

5.0 

2.9 

15.4 

17.9 

50 

1.7 

3.6 

4.0 

4 

m 



1.2 

2.6 

3.0 

2.6 


11.1 

70 

1.0 

3.5 

3.8 

Ave,. . . 

0.14 



1.55 

5.9 

6.4 

2.6 

12.6 

13.7 

75 

1.36 

5.8 

6.1 


* The dose of histamine di-hydrochloride every 10 minutes was 0.25, 0.4, 0.5 and 0.55 
mgm. subcutaneously for the above four cats respectively. A single dose of 250 mgm. caf- 
feine sodium benzoate was injected intravenouslj’ when the histamine response was con- 
stant for 30 minutes. Autopsy revealed diffuse multiple bleeding erosions of the gastric 
mucosa in everj' case. 

/ 

secretory curv'e was obtained in each individual case. Tiie average per cent 
increase calculated on the basis of the individual increments was 117 per cent 
(range 27 to 316). 

yian. In figure 2 the composite secretorj’^ responses to histamine (subcutan- 
eously), caffeine (Ij}’ mouth) and histamine plus caffeine in 10 human subjects is 
presented in the form of a graph. The average total output of free acid for a 
period of 70 minutes to histamine and caffeine administered simultaneously was 
65.3 per cent (calculated on the mean response.s) greater than the sum of the pre- 
ceding individual responses to the same doses of histamine and caffeine given 
separately for a .similar period of time, Ina.srauch as the duration of the response 
to the combined action of these drags is prolonged and maintained at a high 
level, the degree of smergism manifested would be greater if the compari.=on were 
made for a longer period of time. This type of secretoiw^ cun'e was obtained in 
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Fig. 1. Histograms showing the average total output of free acid in 8 cats to a sequence 
of injections: histamine di-hydrochloride (subcutaneously), caffeine with sodium benzoate 
(intravenously), and the same dose of both drugs simultaneouslj'. The response to the 
combined action of histamine plus caffeine is not only of greater magnitude than the sum 
of the individual responses but also prolonged. 



Fig. 2 Fig. 3 

Fig. 2. Composite curves showing the average total gastric secretorj' response of 10 
human subjects to the following sequence: histamine di-hydrochloride (subcutaneousljO i 
caffeine with sodium benzoate (via Rehfuss tube), and the same dose of both drugs simul- 
taneously. The response to the combined action of histamine plus caffeine is not only of 
greater magnitude than the sum of the individual responses but also prolonged. 

Fig. 3. Composite curves showing the average total gastric secretory response of 5 human 
subjects to the following sequence: 7 per cent alcohol (via Rehfuss tube), caffeine with 
sodium benzoate, and caffeine in 7 per cent alcohol. The response to the combined action 
of alcohol plus caffeine is not only of greater magnitude than the sum of the individual re- 
sponses but also prolonged. 


Volume la C.C 
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each individual case. The average per cent increase calculated on the basis of 
the individual increments was 153 per cent (range 7 to 760). 

Similarly, as shown in figure 3, the response to the combined action of alcohol 
and caffeine given at the same time was on the average 65.9 per cent (calculated 
On the mean responses) greater than the sum of the individual responses to 
alcohol and caffeine given separately for a similar period of 70 minutes. . This 
t3T3e of secretoiy curve was obtained in each individual case. The average per 
cent increase calculated on the basis of the indi\adual increments was 76 per cent 
(range 33 to 173). 

Discussion. Necheles and his associates (5) have reported that acetylcholine 
or acetyl-beta-methylcholine and histamine were “synergists” relative to gastric 
secretion. Whether or not a tme synergism, as defined above, exists between 
these drugs caimot be decided from the data they have presented inasmuch as a 
control experiment showing the response to each of the drags separately was not 
perfonned. 

With the tjTpe of experimental design used in this stud 3 % it has been possible to 
demonstrate a definite synergistic effect of caffeine upon histamine or alcohol in 
relation to gastric secretion. This sjuiergism assumes practical importance in 
consideration of the ulcer patient. It is our opinion, based on our studies and the 
emdence in the literature, that the digestant action of acid and pepsin is an im- 
portant factor in the pathogenesis, persistence and perforation of gastric or duo- 
denal ulcers. The failure of atropine to abolish the high interdigestive secretion 
in duodenal ulcer has been taken as evidence that histamine or some histaminc- 
like substance may be responsible for the secretion (6). A histamine cycle has 
been suggested in which the irritated mucosa liberates histamine which in turn 
stimulates gastric secretion; the action of the gastric juice on the ulcer liberates 
more histamine, and thus the C 3 ’'cle continues. The aggravating role which the 
consumption of caffeine-containing beverages might play in such a C 3 ’'cle in the 
ulcer patient is obvious. Also, as previousb’^ pointed out (2) , caffeine given intra- 
venously or b 3 '^ lavage, to cats produces marked vasodilatation and tendency to 
hemorihage in the mucosa and submucosa increasing their susceptibility to 
erosion and ulceration. If histamine is given repeatedl 3 ’' to provoke a continuous 
stimulation of gastric secretion in the cat for 10 to 12 houi*s, no apparent change 
occurs in the gastric mucosa. But, if a single dose of caffeine (125 mgra.) is 
superimposed upon this continuous histamine stimulation, diffuse desquamation 
of the mucosal epithelium in large areas and bleeding erosions and ulcerations 
appear in as short a time as 5 hours. This suggc.sts that caffeine may pro\dde a 
factor of “cellular toxicit 3 '” and hence lower the resistance of the mucosal cells to 
the ulcerative process. 

Thc-fact that the propert3’' of caffeine which enliances the response to liista- 
mine persists to manifest this effect after the stimulation of gastric secretion 63' 
caffeine has subsided is of considerable theoretical interest. It appears that the ‘ 
stimulation of gastric secretion ma3’' not neces^arib" be attributed to the same 
i7ropert3' of caffeine wliich 1 = responrible for the S3'nergi«m. The latter ma3’' be, 
e.xplained ly several theoretical mechani^^ms: persi-'tent increased blood flow 
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accompanying vasodilatation, alterations in cellular permeability, or an anti- 
histaminase role. 


Conclusions 

1. The gastric secretory response to histamine or alcohol is greatly enhanced 
and prolonged after caffeine in comparison to the output of hydrochloric acid or 
gastric juice provoked by the pre-caffeine administration of histamine or alcohol. 

2. The gastric secretor}’- response to histamine or alcohol and caffeine ad- 
ministered simultaneously is considerably greater than' the sum of the preceding 
individual responses to the same doses of histamine or alcohol and caffeine given 
separately. The response to the combined action of these drugs is prolonged and 
maintained at a high level. 
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Tn 1912 Baton and Watson (1) reported that intravenous administration of 
posterior pituitaiy preparations caused a marked fall in the arterial pressure of 
the duck due to dilatation of the peripheral arterioles. The}’- showed that this 
reduction in blood pressure was limited b}’- a simultaneous increase in amplitude 
of the ventricular contractions though large doses (10 units) initiall}’^ produced 
cardiac weakness. Gaddum (2) demonstrated that this depressor action was 
caused by the oxytocic fraction and was present in some cats as well as in the 
fowl. Additional proof that vasodilatation Avas rc.sponsible for the reduction in 
blood pressure was supplied by Morash and Gibbs (3) who showed that the oxy- 
tocic fraction lowered the blood pre.s.sure in the chicken. Coon (4) perfused 
isolated chicken hearts A\dth Ringer Locke’s solution and reported that pitocin 
increased coronary floAV and strengthened cardiac contractions. Apparently, in 
the chicken, as in the duck, the mechanism of the fall in blood pressure is essen- 
tially vasodilatation. A reduction in the blood pressure and a marked dilata- 
tion of capillaries have also been reported in the frog (5, 6). 

Recently (7, 8) it Avas shovTi that oxidocin (pitocin) lowered the arterial pres- 
sure in man but Aveakened instead of strengthened cardiac contractions. Some 
vasodilatation also occurred but this AA'as not responsible for either the cardiac 
changes or the immediate reduction in the arterial pressure. 

The differences in the mechanism of the fall of blood pressure in man as com- 
pared AAith the duck and chicken prompted these investigations upon the chicken, 
rabbit, cat, dog and turtle. 

?klETHODS. Ether, morphine sulfate (8 to 20 mgm. per kgm.) or sodium 
phenobarbital (180 to 200 mgm. per kgm.) was administered forty to sixty 
minutes prior to the injections ’of the posterior pituitary preparations. Blood 
pressures AA-ere recorded optically by means of the hypodermic manometer (9) 
and control injections of pitressin either preceded or folIoAA’ed every injection of 
pitocin. 

Studies also were made upon perfused isolated hearts. O.xygen from a tank 
AA-a-s used to maintain the perfusion pre.=sure of 100 mm. Hg. Ringer Locke’s 
solution serA'cd satisfactorily a.'; a perfusate for the rabbit and cat hearts, but not 
for the chicken hearts Avhich deteriorated Avathin a feAv minutes. HoAveA^er, 
sati.sfactory e.xperiments upon the chicken hearts AA'ere obtained Avith a perfusate 
prepared a^^ folloAA-s: NaCl = G.l, Ka=1.58, MgCb- GILO = 0.43, Nan 2 P 04 = 
0.25, XaHC02=l.G and CaCl2=0.29 giams per liter adjusted to pH of 7.3-7.5 

» .\ifl from a pranl from Eli I411y and Company is gratefully acknowledged. The Pitocin 
and pit ree<-in used in this fctiidy %vere siipjdied bj- Parke, Davis and Company. 

IIJ 



CARDIOVASCULAR RESPOA'SES TO OXYTOCIC PRIXCIPLE 


11.5 


wth 1 per cent NaOH. This solution conforms ^^'ith the molecular concentra- 
tion of ions in bird serum whicii markedl}* differ from those present in mammalian 
serum (10, 11). Ventricular fibrillation sometimes occurred in the chicken 
hearts. In the later experiments this tendencj' was reduced by maintaining the 
perfusate at a temperature of ,34 to 33° C. Immediate!}' before use, drugs were 
added to their re.spective bottles of perfusate which were kept in a constant 
temperature bath. In this manner the heart was perfused with known concen- 
ti-ations of diaigs. During the cxjieriments the source of the perfusate was con- 
trolled by means of gla.ss stopcocks. 

Results and discussiox. Chicken. The intravenous injection of 0.1 oxy- 
tocic unit per kgm. of pitocin lowered the arterial jircssure fi-om 130/8.5 to 80/40. 
mm. Hg. within 7 to 10 seconds in five bai-bitalized, one etherized and one mor- 
lihinizcd chicken. In every case the pulse contours showed the changes which 
ai-e characteristic of arteriolar vasodilatation (8, 12) (see fig. 1). Evidence of 
cardiac iveakness was not observed in an}' of the seven birds whether white leg- 
hoi-ns, Plymouth rocks or white rocks were studied. The blood pre.^sure and the 
pulse contoui-s returned to the jn-c-injection normal within 20 to 90 seconds. 

Similar but more prolonged effects Avere obtained following inf.ravenous in- 
jeefions of do.«es as large as 50 o.xytocic units per kgm. Little or no tachyphy- 
laxis Avas apparent Avhen injections Avere .spaced 10 or more minutes ajjart. 

Perfused heart ex])eriments using the perfusate described above showed that 1 
unit of ihtoein per 10 ec. pcrfu.'.atc increased coronary floAv 25 to 30 per cent but 
did not modify the amiilitude of cardiac contractions. These obseiA’ations on 
coronary floAv ai‘c in agreement Avith tho.'^e of Coon (4) though ho found that 
))itocin strengthened cardiac contractions of the isolated heart. 3'his is not in 
disagreement Avith the observation (13) that Avhole pituitary extract (whicl) in- 
cludes A'asopressin) causes coronary vasoconstriction. 

liabbil. Among the eleven morphinized animals there avoit wide A'ariations in 
the type and duration of the cai'dioA'a.scular rc.sponses to the intraA'enous injec- 
tions of pitocin. In three animals the blood pre.'''siu-e aars unchanged or increased 
slightly. The oxytocic fraction CA'idently produced little or no effect in these 
three rabbits since .similar effects Averc produced by the control injections of 
jiitre.ssin. In the other eight animals the blood pre^sQure aars transiently reduced, 
on the average from 130/95 to 50/43 mm. Hg, Avhilc the control injections of 
piti-essin produced no change or a slight rise in blood jiressure. 

During the reduction in blood pre.ssurc t he heart sloAved markedly in one animal 
(fig. 2) and .slightly in three animals. In Iavo other animals (fig. 3) pulsus al- 
ternans developed. As shoAA'u beloAv, eardiac sloAA'ing and alternate Aveak con- 
tractions also AAcre iirocluced by jiitocin in isolated perfused liearts. 7’herefore 
these effects can he explained on the basis of the effect of the drug upon the heart 
itself. 

With large doses of pitocin tachyphyla.\is is pronounccfl in the rabbit even 
AA’hen an interARl of 30 minute*s .separates the injections. .\s shoAA'ii in figure 3, 
the first injection produce> a greater re.sponse and it differs (junlitatiA'cly fnmi 
those produced by subscfjuent injection.s. Tiie fir.st large injection produced 
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rip. 1 . Ischiadic arterial pressure pulses from chicken which had received 180 mgm./kgm. 
of sodium phenobarbital. In all records pressure scales are shown in units of 50 mm. Hgand 
ba“e line is interrupted at 1 .«ccond intervals unless stated dilTerenlly. A — control tracings; 
/i~tracing obtained 5 seconds after intravenous injection of 0.15 oxytocic units/kgrn. of 
pitocin; C— 10 seconds after injection; />~30 seconds after injection; E—IS seconds after 
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changes in the pulse contours which are characteristic of weak cardiac contrac- 
tions. In most but not all rabbits subsequent large injections administered after 
the elapse of a short interval produced pulse contour changes characteristic of 
vasodilatation. These observations indicate: 1, that in rabbits pitocin produces 
weak cardiac contractions and peripheral.vasodilatation; 2, that tachyph 3 daxis. of 
both effects occurs; and 3, that the tachyphjdaxis of the cardiac effect is more 
pronounced and more persistent, • 

Evidence that vasodilatation generally plays only a minor role is supplied by 
oncometer tracings (fig. 4). During the period that the blood pressure is de- 


injection; F — 1 minute after injection. The contour changes which are characteristic of 
peripheral vasodilatation are very pronounced in tracing C obtained 10 seconds after the 
injection. Comparison of the pulse contours in tracing A with those of tracing C shows 
the following transient effects of pitocin: 1, the blood pressure in the chicken is markedly 
reduced; 2, at any given pressure the rate of pressure descent on the diastolic portion 
of the contour is increased; 3, the pulse contour becomes more central in type; 4, 
standing waves practically disappear. These effects which are characteristic of vasodila- 
tation are very transient since one minute after the injection the blood pressure is return- 
ing toward normal and the pulse contour changes characteristic of vasodilatation are 
disappearing. 

Fig. 2. Femoral arterial pressure pulses from rabbits which had received 8 mgm./kgm. 
morphine sulfate one hour earlier. The base line is interrupted at 10 second intervals. 
During signal in upper record 10 oxytocic units per kgm. of pitocin were injected intrave- 
nously. Fifteen seconds after the injection the blood pressure was markedly reduced, 
cardiac slowing was present and the small pulse pressure indicated that pronounced cardiac 
weakness was also present. In the lower record, during signal the left vagus was stimulated 
electrically. Vagal activity slows but does not weaken the cardiac contractions. 

Fig. 3. Femoral arterial pressure pulses from rabbit which had received 10 mgm./kgm. 
morphine sulfate and 2 mgm./kgm. atropine sulfate one hour earlier. Tracings and the 
three injections of pitocin administered at signals were separated bj' an interval of 15 min- 
utes between A and B, and 45 minutes between B and C. Base line is interrupted at 10 
second intervals. The first injection A transiently reduced the blood pressure and pulse 
pressure and produced pulsus alternans. These changes can be ascribed to weakened car- 
diac contractions (see text). The second injection B and the third injection C lowered the 
blood pressure but caused little change in the pulse pressure and did not produce pulsus 
alternans. These changes can be ascribed to vasodilatation (see text). 

Fig. 4. Carotid pressure pulses and intestinal oncometer volume changes of rabbit. The 
base line is interrupted at 10 second intervals. One hour earlier 10 mgm./kgm. morphine 
sulfate and 2 mgm./kgm. atropine sulfate were administered subcutaneously. At signal, 15 
oxytocic units of pitocin per kgm. were administered. Within 25 seconds the blood pressure 
was markedly reduced and cardiac weakness became pronounced. The simultaneous de- 
crease in intestinal volume was quite likelj” passive and caused by the reduction in blood 
pressure. However, during the next 10 seconds evidence of vasodilatation is present as in- 
dicated by increased intestinal volume in the presence of the sustained reduction in blood 
pressure. 

Fig. 5. From above downward: carotid and femoral arterial pressure pulses from rabbit, 
and base line. At signal 5 oxytocic units of pitocin per kgm. were injected intravenousl 3 ' 
and 7 seconds of the record have been deleted. The arterial pressure is lowered, j'et little if 
any evidence of vasodilation is present. The rate of pressure descent during diastole is not 
increased for anj^ given pressure. Standing waves remain or even become more pronounced 
upon the carotid pressure pulses. Note the marked differences between the pulse contours 
in this figure and those in figure 1 where characteristic changes from v.asodilatation are 
present. 
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clining the intestinal volume is decreasing. This is likely a passive change, but it 
does indicate that little or no vasodilatation has occurred. After the blood pres- 
sure is reduced, an increase in intestinal volume did appear and it is possible that 
some vasodilatation does occur (see above). However, pulse contour studies 
show that pitocin can lower the blood pressure in the rabbit by an action other 
than vasodilatation (see fig. 5). The initial reduction in arterial pressure and 
the small pulse pressure of usually 5 mm. Hg (figs. 2, 3, 4, 5) can be explained 
only by a marked reduction in the beat and minute output. 

This decreased cardiac output in the presence of low arterial pressure could 
result either from decreased venous return or from feeble cardiac contractions. 
Both of these possibilities have been investigated. Pressures were recorded 



Fig. G. Tracings obtained from isolated rabbit heart perfused with oxygenated Ringer- 
Locke's solution. From above downward; myograms, time line (interrupted at 1 sec. 
intervals in A and C, at 10 sec. intervals in B) and signal showing coronary -flow in units of 
10 cc. of perfusate. While recording A and C the speed of the kymograph was increased to 
show contour of one myogram during control period, during time of drug effect and after 
recovery from drug. Tracing B shows that the oxytocic fraction weakened cardiac contrac- 
tions and ma}’ produce pulsus alternans by direct action while causing some coronarj' 
dilatation. 

from the left and right ventricles of two morphinized rabbits. During the time 
that the systemic arterial pressure wa.s reduced by pitocin the left and right 
ventricular dia.stolic pressures were increased 2 to 4 mm. Hg. This elevation of 
ventricular diastolic pressures proves that venous return to both ventricles was 
adequate to fill the ventricles. By elimination this leaves feeble cardiac con- 
traction.s as the mechanism in the rabbit which is responsible for the immediate 
reduction in blood prc.ssurc by pitocin. 

Additional proof is supplied by five perfused heart e.xjieriments. As shown in 
figure (i, the addition of small quantities of pitocin to the perfusate decreased the 
amplitude of cardiac contractions and in some case.s caused alternate con- 
tractions to be exces.sivcly weak. This latter would correspond to the jiroduc- 
tion of pulsus alternans in the intact animal. In one perfusion e.xperiment, pile- 
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cin (0.1 unit per 10 cc.) caused sudden cardiac arrest u'hich persisted thirty 
seconds after return to perfusion uith Ringer Locke’s solution. In two perfused 
heart experiments it was necessary-- to use 10 ox 3 rfocic units of pitocin per 100 cc. 
of perfusate to produce weak cardiac contractions. Tachyphylaxis was pro- 
nounced in the isolated perfused heart since the second time even less efifect could 
be elicited with larger concentrations of pitocin. The reduction in blood pressure 
in the rabbit is apparently the result of weak cardiac contraction and a reduction 
in cardiac output as in man (7, 8), and the result of vasodilation as in the duck 
(1) and chicken (3). 

Cat. In two barbitalized cats and in three of the four etherized cats, 15 to 
20 oj^rfocic units per kgm. of pitocin lowered the arterial pressure from 120/75 to 
80/50 mm. Hg for 15 to 30 seconds. These results are in agreement with those 
of Gaddum (2) who demonstrated that these large doses transient^ reduced the 
blood pressure of some cats. During the reduction of blood pressure, definite 
evidence of ^vasodilatation could not be obtained. This majv mean that the o.x^v- 
tocic fraction produces little or no vasodilatation in the cat. However, the 
pressor activit}^ contaminant may be great enough in these large doses to mask 
any vasodilating activity of the oxjrfocin. 

In three perfused heart experiments, cardiac contractions were Aveakened when 
the perfusate contained 10 oxjrfocic units of pitocin per 100 cc. In the cat as in 
the rabbit, pitocin Aveakens cardiac contractions. 

jDog. In ten animals intravenous injections of doses as great as 10 ox 3 rfocic 
units of pitocin per kgm. produced blood pressure rises but no falls. These effects 
can be explained by the vasopressor content of the pitocin since similar changes 
Avere produced by the injection of an amount of pitressin which contained vaso- 
pressor gctiAaty equal to the vasopressor contaminant of the pitocin. These 
obseiwations do not,dispute the findings (14) that the o.xytocic fraction may in- 
hibit or abolish the typical depressor effect of the large doses of the pressor frac- 
tion. They do sIioav that the oxytocic fraction does not loAAver the blood pi’essure 
in normal dogs. Unpublished data from this laboratory shoAv that pitocin does 
loAAver the blood pressure of dogs AAvhich are pregnant or which have been pre- 
treated Avith stilbestrol. 

Turtle. In six turtles 5 units of pitocin injected into the pulmonaiy arterj- or 
into the aorta supplying the body loAvered the blood pressure in all three systems, 
the pulmonary artery, the aorta to the body and the aorta to the head region. 
All animals shoAved definite evidence of peripheral systemic vasodilatation in that 
during diastole at any given pressure the rate of pressure descent was increased. 
One turtle shoAved periods of more forceful cardiac contractions along Avith other 
periods of diminished contractions. 

‘ SUAIMARY AND CONCLUSIONS 

The oxytocic fraction of posterior pituitary preparations has cardiovascular 
actions. The species variations of these effects are pronounced. These changes 
are not those produced by the vasopressor principle and do not arise from a re- 
duced eoronarjv flow. 
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In the rabbit and cat intravenous administrations of pituitary preparations 
which contain the oxytocic fractions lower the arterial pressure and markedly 
weaken cardiac contrations as in man. Also vasodilatation often occurs in the 
rabbit and cat as in the chicken. In the turtle the transient reduction in the 
blood pressure arises mainly from peripheral vasodilatation as in the chicken. 
The oxjdocic fraction does not lower the blood pressure in normal dogs. 

REFERENCES 

(1) P.\TON, D. N. AND A. Watson. J. Ph3’-sioI. 44: 413, 1912. , 

(2) Gaddum, J. H. Ibid. 65: 434, 1928. 

(3) AIobash, R. and 0. S. Gibbs. J. Pharmacol, and Exper. Therap. 37: 475, 1929. 

(4) Coon, J. M. Arch. Int. Pharmacodjm. 62: 79, 1939. ■ 

(5) Dieted, F. G. Arch. f. Exper. Path. u. Pharmakol. 170 : 417, 1933. 

(6) Dieted, F. G. Klin. Wchnschr. 13: 554, 1934. 

(7) WooDBUKY, R. A., W. F. HAiiiDTON AND P. P. VoDPiTTO. This Journal 129 : 500, 1940. 

(8) Woodbury, R. A., W. F. HA^UDTON, P. P. Vodpitto, B. E. Abreu and H. T. Harper, 

Jr. j. Pharmacol, and Exper. Therap., 81: 95, 1944. 

(9) Hamidton, W. F., R. a. Woodbury and H. T. Harper, Jr. J..4.M.A. 107: 853, 1936. 

(10) Wintehstein, H. Hand, der vergl. Physiol. 1; 1117, 1925, Gustav Fischer, Jena. 

(11) Cdark, a. j. Comparative phj'siology of heart. P. 140, 1927, Cambridge Univ. 

Press, London. 

(12) H.AHIDTON, W. F. This Journal 141; 235, 1944. 

(13) Ross, J. B., N. B. Dreyer and R. L. Stehde. J. Pharmacol, and Exper. Therap. 38: 

461, 1930. 

(14) Medvidde, K. I. J.A.M..\. 106: 102, 1936. 



THE SENSITIVITY OF THE RESPIRATORY CENTER TO 
HYDROGEN ION CONCENTRATION 


. M. GARCIA BANUS, HAR\T5y H. CORMAN, VINCENT P. PERLO and 

GEORGE L. POPKIN 

From ihe Department of Physiology of Tnfts College Medical School 
Received for publication [May 15, 1944 

The sensitivity of the respiratory center to the hydi-ogen ion concentration, 
at one time accepted vdthout doubt as a result of the Avork of Haldane, Hassel- 
bach, Winterstein and Gesell, is very much in dispute noAv due to more recent 
work. The regulatory effect of CO 2 on the ventilation described by Haldane 
(1922) was attributed to its effect on changing the hj’^drogen ion concentration. 
The compensation of the acidosis due to fixed acids b 3 ’- increased ventilation and 
loAvering of the CO 2 tension (Hasselbach, Winterstein) Avas explained by the 
sensitiAuty of the center to an increase in hydrogen ion concentration. 

The discoA^ery by Heymans and collaborators of chemoreceptor reflexes that 
could lie stimulated not onl}-^ bj’- Ioav oxygen tension but also by increased CO 2 
and decreased pH brought up the question that the regulation might not be due 
to the effect of these changes on the center but to the chemoreceptor reflexes. 
As Schmidt and Comroe A^eiy clearlj'- express it in their reAueAV (1940) the matter 
rests on the relatNe sensitivity of each mechanism. The question seems settled 
for the effect of anoxia and for the regulation by CO 2 . Anoxia produces stimula- 
tion of the chemoreceptors AA^hile it leads primarily’ to depression of the center 
(reAueAved by Schmidt and Comroe, 1940, also Moj^er and Beecher 1942, and Watt, 
Dumke and Conn-oe, 1943). The center on the contrary is much more sensitNe 
than the chemoreceptors to changes in CO 2 tension (Schmidt and Comroe). 
As to the effect of h 3 ’’drogen ion concentration Schmidt and Com/oe still belieA’^ed 
in that revieAv that the center was much more sensitive to changes in pH than 
the receptors. The work of Nielsen (1936) introduced important contradictory 
eAudence which seemed to indicate that the respiratoiy center is not sensitNe 
to pH changes and that the regulatoiy effect of CO 2 is due to a specific action 
independent of its effect in changing the pH. 

These results haA’-e confused the conception of the proper mechanism of stimu- 
lation of the resphatoiy center (Gesell, 1939), and haA’^e made Schmidt and 
Comroe reverse their opinion; in their oaati Avords (1941): “The status of the 
hydrogen ion as a stimulus to center and chemoreceptor is at present quite un- 
certain. The sensitiA’ity of the center is apparentl 3 '’ much lower and that of the 
chemoreceptors considerably higher than had been supposed. At the moment 
it seems quite possible that the respiratoiy effects of changes in pH, in so far as 
they are not referable to corresponding changes in carbon dioxide tension, are 
entirety due to chemoreceptor reflexes and not to a direct effect of hydrogen ions 
on the center, but tliis remains to be proA’^ed.” According to Bernthal (1944), 
the whole problem is still open. 
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We have tried to simplif}’- the controversy by eliminating one of the factors, 
namely, to study the effect of changes in hydrogen ion concentration not due to 
CO2, i.e., an acidosis induced' bj'" fixed acids in animals deprived of their chemo- 
receptor mechanism. If the acidosis is compensated by an increase in ventila- 
tion and a lowering of the CO2 tension, the compensation must be due to a regu- 
latory mechanism for the respiration which is sensitive to changes in pH. If 
compensation occurs irithout chemoreceptor mechanism we will be justified in 
accepting the respiratory center as the regulatory mechanism, and the accurac}’- 
of the compensation would give a measure of its sensithtt}'- to changes in hydro- 
gen ion concentration. 

TECH^'•IQtrE OF EXPERiMEXTATiOK. General procedure. Dogs of 10 to 20 
kilos weight were used. As soon as the necessary operations were completed 
the following data were determined : the minute volume ventilation and respira- 
toiy rate, the alveolar air CO2 tension, the total CO2 concentration of arterial 
blood. The CO2 tension of the alveolar air was assumed to be a measure of the 
CO2 tension of arterial blood as it has been repeatedly proved that the arterial 
blood is usuallj’- in equilibrium uith the alveolar air as to the CO2 tension (Bock 
and Field, 1924; Smith and Heinbecker, 1928; Bock el al., 1929). From this 
CO2 tension and the CO2 concentration of arterial blood the pH of arterial blood 
was calculated. In one experiment the pH of arterial blood was also determined 
electrometrically bj’- means of a glass electrode. These data obtained after 
completion of the operation and before the introduction of any acid were con- ' 
sidered as the normal control values for the animal. While the analyses of the 
alveolar air and blood samples were being made acid was introduced intrave- 
nously at a very slow rate (0.5-1.0 cc, per min.). After the acid injection was 
completed an inteiwal of 10 to 15 minutes was allowed for complete equilibration 
and compensation. Then a new set of data was determined. The procedure 
was repeated when possible Arith increasing amounts of acid injected. 

Anesthesia. In most cases sodium barbital was used in doses of 350 mgm. per 
kilo when used alone and 300 ragm. per kilo preceded by morphia (2 early e.xperi- 
ments). The barbital was injected intraperitoneally. In experiment 2 intra- 
venous injection of nembutal Avas used in a dose of 33 mgm. per kilo. As the 
nembutal anesthesia is not veiy lasting, several succeeding doses of 65 mgm. 
had to be administered at in-egular intervals. The level of anesthesia Avas 
very irregular and this type of anesthesia Avas discarded in later e.xperiments. 

In experiment 6 the dog did not respond to the usual dose of barbital and as much 
as 450 mgm. per kilo had to be administered before complete anesthesia AA^as 
obtained. The anesthesia leA'el was, in this dog, unusuall}' deep. 

Operation. A tracheal cannula supplied AA-ith an additional narroAA' side tube 
AA'as inserted. The femoral A'cin AA'as used for acid injection AA'hile the femoral 
arterA' was used to obtain blood samples. The denervation operation AA'as then 
carried out. It consisted of exposure of both carotid sinuses, ligation and section 
of both occipital arteries and the inter carotid nerves, cleaning the surfaces of 
the sinu.ses and of both the internal and external carotids for about one half inch 
from the bifurcation thus destroying the nerA'e netAA'ork, and finally painting 
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the sinus and all the arteries of the region with 5 per cent phenol till the tissues 
turned to a wliitish tinge. Both vagus nerves were cut in the mid cervical 
region. 

Determinations. The main opening of the tracheal cannula was connected b}" 
means of a system containing Sadd -s'alves and a thi’ee waj’- cock to a calibrated 
recording respirometer. The dead space of the valve system was roughly equal 
to the dead space lost bj-- the dog due to the fact that the cannula was placed 
about mid neck. The valve S3'’stem had little resistance. It was left connected 
throughout the experiment. B}’- a turn of the thi-ee way cock the expired air 
was collected in the respirometer. From the record obtained the minute volume 
and the respiratory rate were calculated.^ 

The aveolar air was obtained by suction by means of an evacuated rubber 
bulb and a no. 10 French catheter. The catheter was introduced through the 
side tube of the tracheal cannula. The end of the catheter reached beyond the 
bronchial bifurcation into one of the smaller bronchi. The rubber bulb was sup- 
plied vith a stopcock. It was evacuated b}'- partial filling vitii water acidulated 
vfith sulfuric acid and subsequentlj’^ expelling all the air and most of the water. 
The bulb was filled bj’- momentaril3^ opening the stopcock between respirations, 
i.e., after the end of one e.xpiration and before the beginning of the next inspira- 
tion, and this repeated during a number of successive respirations.' The mixed 
alveolar air sample thus obtained was anal3’’zed for CO2 per cent in a Haldane- 
Ba3dey gas analyzer. From the CO2 per cent and barometric pressure at the 
moment (after subtraction of the water vapor tension at the dog’s temperature), 
the CO2 tension of the sample was calculated. Several bulb samples obtained 
under the same conditions gave results var3’ing less than 1 mm. CO2 tension. 
The value used was the average of 2 or 4 samples. 

Ai'terial blood samples were obtained from the cannulated femoral artery. 
First about 10 cc. of blood were vfithdi-awn to remove an3’' possible stagnant 
blood; this was discarded. Then a sample was obtained under oil and immedi- 
ately analyzed in the Van Slyke-Neill apparatus for the total CO2 concentration 
of the arterial blood. 

From the data the pH was calculated by means of the Henderson-Hasselbach 
' formula using the values for CO2 solubility coefiicient and pK' given by Peters 
and' Van Slyke (1937). In experiment 12 the pH was also determined electro- 
metrically by means of a glass electrode, a Leeds and Northrop Thermionic 
amplifier and a Leeds and Northrop potentiometer reading to vithin 0.0001 volt. 
The glass electrode was contained in a completely enclosed electrode vessel. 
The blood was dravm directly from the artery by means of a h3'-podermic needle 
connected with the electrode vessel by a ground glass joint. To prevent the 
loss of CO2 during the determination the blood was protected with heparinized 
saline w^hich had been equilibrated with the dog’s alevolar air obtained just before 
the blood sample. The so called “as3'’mmetry potential,” i.e., the combined 

^ As there was no great change of temperature or barometric pressure during the course 
of one experiment, and onlj’’ relative changes in ventilation were considered, no attempt 
was made to correct the minute volume to standard conditions. 
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E.M.F. of the calomel cell, the glass electrode itself arid the liquid junction, was 
determined just before each blood sample using 0.05 M potassium phthalate 
as the standard. The E.M.F. of the “asjTiimetry potential” in several determina- 
tions, as well as the E.IM.F. of two consecutively di-avTi blood samples, agreed 
to vdthin ±0.0001 v. The pH determined electrometrically differed from the 
calculated pH by 0.03 ; this may be due to the fact that the pH was calculated 
for the blood at 38°C. .while the electrometric determinations were made at 
25“C. 

Test of the effectiveness of the elimination of chemoreceptor reflexes. The 
most marked and most generally accepted function of the chemoreceptor reflexes 
is their response to low ox 3 ^gen tension (see review by Schmidt and Comi’oe, 
1940). In intact animals, breatiiing gas mixtures with low oxj’^gen tension pro- 
duces a reflex increase in ventilation. This increase in ventilation is replaced 
by the opposite effect, a decrease in the ventilation, when the chemoreceptors 
reflexes are eliminated. This phenomenon can be used as a test of the effective- 
ness of the chemoreceptors. Watt, Dumke and Comroe (1943) found that in 
animals deprived of chemoreceptor reflexes the depr^sion of respnation due to 
breathing gas mixtures with low oxj’gen tension reaches a maximum after three 
to four minutes of breatiiing the mixture. Then the depression is followed by a 
stimulation. This delayed stimulation maj’^ disappear if the anesthesia is very 
deep (jMoj'er and Beecher, 1942). 

In view of this we used the effect of breathing 10 per cent oxygen and 90 per 
cent nitrogen for three minutes as a test for the presence or absence of chemo- 
reflex mechanism, comparing the effects on the minute volume ventilation before 
and after the denervation operation. This test was performed onlj’’ in four of 
the animals of our series. In all four animals tested the original respiratory 
stimulation, i.e., increased minute volume ventilation, was replaced after denerva- 
tion by a depression. The effect of breathing 10 per cent oxygen for three 
minutes was before deneivation an increase in the minute volume ventilation of 
28 per cent (expt. 9), 77 per cent (expt. 10), 16 per cent (expt. 11) and 43 per 
cent (expt. 12). After denen'ation the effect of breathing the same mixture for 
three minutes was on the contrary a decrease of 9 per cent (expt. 9), 10 per cent 
(expt. 11), 13 per cent (expt. 12) and peimanent respiratorj’^ paralysis in experi- 
ment 10. As the operation was the same in all the animals used, and as the re- 
sults of acid injection were similar in all the experiments, it is assumed that the 
chemoreceptor refle.xes were not effective in any of the animals used. 

Results. The data from all the experiments are given in table 1. In every 
experiment where data could be obtained the results were similar. Gradual 
acid injection in dogs without chemoreceptor reflexes produced the following 
progi’cssive changes : 

a. The bicarbonate concentration of arterial blood decreased in all cases, 
and markedh' Avhen sufficient acid was added. 

h. The minute volume ventilation increased. Tins increase was mostly due 
to an inerca-^e in depth of respiration althougli in some cases the rate was also 
increased. 
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20 

8 

4.9 

29.4 

13.928 

0.887 

tHnBI 

7.27 



■ 

HCl 

58 

7 

5.7 

22.7 

12.519 

0.683 

11.736 

7.34 





78 

H 

4.6 

27.2 

12.047 

0,819 

11.228 

7.24 

±0.050* 


4. 18.5 kilo. 

0.5 N 

0 

34 

4.4 

66.4 

23.895 

2.000 

21.895 

7.14 



Morphine, 

barbital 

HCl 

35 

31 

5.1 

63.8 

22.410 

1.920 

20.490 

7.13 

±0.005 


6. 15.0 kilo. . 


0 

9 

3.0 

35.8 

20.471 


19.393 

7.35 



Barbital 

0.5 N 

50 

9 

3.1 

36.4 

18.810 


17.715 

7.31 



alone — 

HCl 

72 

9 

3.1 

32.9 

18.743 


17.773 

7.35 



some in- 


122 

12 

5.0 

21.1 

16.074 

0.635 

15.439 




trave- 


157 

13 

5.8 

23.6 

14.715 

0.710 


Hi 



nously, 
some in- 
traperi- 
toneally 


220 

11 

7.5 

15.6 

8.370 

0.470 

7.900 

7.33 

±0.090* 


7. 20.0 kilo. 

0.6 N 

0 

10 

3.4 

41.9 

20.894 

1.261 

19.633 

7.29 



Barbital 

alone 

HCl 

50 

9 

5.5 


14.030 

0.906 

13.934 

7.29 

±0.000 


S. 11.0 kilo. 

1.0 N 

0 

5 

1.8 

87.6 

23.445 

1.132 

23.313 

7.40 



Barbital 

Lactic 

20 

6 

2.7 

36.5 

23.175 


22.076 

7.40 



alone 

acid 

40 

6 

3.0 

33.3 




7.39 





67 

6 

3.2 

32.1 


|B 


7.37 

±0.015 


9. 15.5 kilo. 

0.5 N 

0 

19 

4.9 

40.6 

21.285 

1.222 


7.32 



Barbital 

HCl 

30 

19 

5.0 

38.5 

19.466 

1.159 

iBBiw 




alone 


75 

23 

7.2 

30.7 

16.435 

0.924 

15.510I 

7.32 



* 


105 

24 

8.3 

25.2 

14.201 

0.759 


7.35 

±0.025 


11. 10.5 kilo. 

0.5 N 

0 

29 

4.6 

35.2 

18.171 


17.111 

7.35 



Barbital 

HCl 

25 

37 

5.8 


16.646 

0.915| 

15.731 

7.34 



alone 


55, 

30 

6.4 

Dc 

g died 

I 

while 

sample 

s wer 

3 being tt 

iken 

12. 15.0 kilo. 

0.5 N 

0 

13 

4.0 

39.4 


1.186 

18.519 

7.29 


7.253 

Barbital 

HCl 

25 

22 

5.2 

35.2 

17.165 


16.105 

7.28 


7.251 

alone 


70 

24 

6,5 

26.8 



12.. 303 

7.29 


7.251 

1 


95 

28 

7.3 

m 

11.565 


10.843 

7.28 

±0.005 


s 

Average, deviation from 

mean 







H 




* Values not included in the average deviation; see text. 

In experiments 3 and 5 the dog died during denervation operation. 

In experiment 10 the dog died of respiratory paralysis while testing the effect of anoxia 
after denervation. 
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c. The alveolar air CO 2 tension, and therefore the arterial CO 2 tension de- 
creased. 

The changes in the bicarbonate concentration indicate the presence of a 
marked acidosis, yet this acidosis was compensated by a proportional drop in the 
carbonic acid concentration as indicated b}”- the corresponding values for the 
pH of arterialTlood. In some cases the compensation was very accurate through- 
out the experiment, the pH of arterial blood varjnng onl}’^ a few hundredths of a 
pH, In two cases (expt, 2 and expt. 6) the compensation was not so accurate, 
the pH of ai-terial blood vaiying up or down in a greater degree (0,10 and 0.18 
respectively). The greater variation in these two experiments might be due to 
the depth or the irregularity of anesthesia. It is indicative that it was found in 
experiment 2 where the dog had to be ©ven repeated doses of nembutal as the 
anesthesia became insufficient, and in experiment 6 where the dog received as 
much as 450 mgm. of barbital per kilo. Discarding these two experiments on 
the ground that the dog was in a poor or vailable state of anesthesia,- the aver- 
age deviation from the mean in the pH of arterial blood during the course of the 
progi’essive acidosis amounts to ±pH 0.008. In several cases the compensation 
was much more accurate, the pH changing less than 0.01, e.g., in experiment 7 an 
injection of 50 cc. 0.5 X HCl producing a decrease in bicarbonate concentration 
from 19.6 to 13.9 millimols Avithout change in pH. The electrometric determina- 
tions made in experiment 12 although more accurate show an even smaller varia- 
tion in the pH, injection of 70 cc. of acid producing a decrease in bicarbonate 
concentration from 18,5 to 12.3 millimols with only a change of pH of 0.002, 
This means that animals in this condition, i.e., anesthesia, ineffective chemo- 
receptor reflexes, are able to compensate a graduallj' increasing acidosis very 
accuratelj^ at lea.st to Avithin ±pH 0.008. 

This compensation aa'rs obtained by increased ventilation Arith the consequent 
decrease in CO 2 tension. The effecth'e stimulus to this increased A’^entilation, 
that is, the stimulus to the regulator}' mechanism that brings about the compen- 
sation, cannot be the CO 2 . In all cases the A’^entilation increased further AAith a 
.subsequent injection of acid CA'en if the COc tension was already much lower than 
the normal, for instance, in experiment 9 an addition of 30 cc. of 0.5 N HCl to 
the already injected 75 cc. increased the ventilation from 7.2 to 8.3 liters, AAhile 
the CO 2 tension had been lowered to 30.7 mm. from the 40.6 mm. normal for 
this dog. 

It is interesting to note, that in several of the experiments (fig. 1) the CO 2 
tension and the minute A'olume A'entilation during the progressiA^el}’- increased 
acidosis AA'ere in an inverse straiglit line relationsliip. The increased Amntilation 
cannot be due to the CO 2 but, on the contrary, the CO 2 tension AA-as a direct result 
of the ventilation. 

Discussion'. Our results indicate that dog.s deprh'ed of chemoreceptor re- 
flexes can compensate accurately for an acidosis produced by fixed acids (HCl or 

= AVe .arc also jubtificd in dipcardinK these experiments from a statistical point of view, the 
dcvinlion from the mean in them bcini; more th-an four times the average deviation. 
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lactic) maintaining the pH of arterial blood at least within ±0.008. The com- 
pensation is due to a hyiierventilation, nith consequent lowering of the CO 2 
tension and the carbonic acid concentration of arterial blood. In these cases 
of acidosis the efiective stimulus to the ventilation cannot be the CO 2 tension 
as this was shown to bo inversely pro])ortional to the ventilation. Wemust seek 
another cause for the increased ventilation. As the ventilation seems to ^nry 
in such a manner as to maintain the constancy of the blood pH, it is logical to 
assume that the former is controlled by a mechanism -which is sensiti\'e to the 
hydrogen ion concentration of the blood. In these animals the known chemo- 
receptor reflexes w’ere absent. Unless w'e assume the existence of other unknowui 



Fig. 1. The cfTect of .successive iiitmvenous iujections of 0.5 N HCl on the respiration of 
animals with carotid sinus and bodies denervated and both vagus nerves cut. All deter- 
minations in four c.vperimcnts. 

Ordinate; Alveolar CO 2 tension in millimeters of mercury. 

Abscissa: Minute volume ventilation in liters. 

regulatory mechanisms not sensitive to low oxygen tension, w'e must accept the 
respiratory center as the regulatory mechanism. In order to regulate within 
certain limits of change the respiratory mechanisms must be sensitive at least 
to that degree of change, which in the present experiment w’as ±pH 0.008. Assum- 
ing the accuracy of the electrometric determinations in experiment 12 the sensi- 
tivity may be even greater, the stimulus requircd amounting to as little as 
±pH 0.001. 

Our results confirm the conception of Hasselbach, Haldane, Winterstein and 
Gesell, that the effective basic stimulus to the respiratory center is the hydrogen 
ion concentration. The effect of CO 2 could then be explained as due not to a 
mysterious specific effect but to its effect in changing the hjTlrogen ion concentra- 
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tion. It is interesting to note that the electrometric determinations of Experiment 
12 indicate a sensitivity of the respirator}^ center to a change in pH (0.001) of the 
same order of magnitude as the change in pH that would be produced by the 
smallest change in CO 2 tension that affects the respiration, Haldane (1922) 
states that a change of CO 2 of 1.5 mm. (corresponding to 0.012 change in pH) 
suffices to double the ventilation and that one-twentieth of this change is suffi- 
cient to affect breathing. Tins con-esponds to a change of pH of 0.0006, 

There is of course contradictory e^ddence that has to be considered. Of this 
the most quoted among the modern results is that brought out by Nielsen. It is 
based exclusively on results of acidosis due to ammonium chloride ingestion and 
on two subjects only. In one of them a change in pH of 0.08 produced during 
the acidosis an increase of ventilation of 0.7 liter while in the same subject when 
not recehdng ammonium chloride a change of pH of 0.04 due to CO 2 increased 
the ventilation by 10 liters. These results have been verj’’ much discussed from 
the point of \dew of possible equilibrium between the pH of blood and of the cen- 
ter (Gesell, 1939; Bemthal, 1944). In our opinion they should be analyzed 
from another pomt of view, the possibility of a depression of the respiratoiy center 
due to the ammonium chloride. Ammonium chloride acidosis is produced by 
the fact that the ammonia radical is converted to urea leaving the Cl radical to 
lower the bicarbonate concentration. Even small amounts of remaining am- 
monia might depress the respiratory center. This possibility has been overlooked 
because Nielsen postulates an increase in the irritability of the center during the 
ammonium chloride acidosis. Yet in our opinion his results indicate rather the 
opposite. In the first place his subjects show some tendency to compensate for 
the acidosis although incompletely. Their CO 2 tension dropped from a normal 
of 48 mm. to 36 mm, in one subject and from 44 mm. to 36 mm. in the other. 
Secondly his method of estimating the increase in irritability of the center, which 
he postulates to occur not only during acidosis but duiing anoxia and exercise as 
well, is based on a fallacious premise. He made his subjects breathe increasing 
amounts of CO 2 in the inspired air and determined the cuiwe of the increase in 
ventilation plotted against the CO 2 tension. During acidosis as well as anoxia 
the curves are shifted to the left, i.e.: a gieater ventilation is obtained at a lower 
CO 2 tension and on this fact he bases his argument for a greater irritability of the 
respirator}’^ center. This is, in our opinion, taking the effect for the cause. 
Nielsen overlooks the fact that in his experimental conditions the ventilation 
could be, and certainh’’ was, influenced not only by the CO 2 tension but by 
other factors as well, nameN, in anoxia by chemoreceptor reflexes and in acidosis 
by the partial compensation as discussed above. It is well known now that dur- 
ing anoxia the center is actually depressed. A better index of the irritability of 

, ^ . . ■ • 1 f xi- • ventilation _ ^ , , 

the center is in our opinion the .slope of the cur\*e, i.e.,- — r- . In at least 

A CO 2 tension 

one of his cases (his fig. 10) the .slope of the curve is less during acidosis than in the 
normal indmdual, and in none of them is it greater. 

Comroe (1943) argue.= against the sensithity of the resiiiralory center to in- 
creasefi hydrogen ion concentration even when due to CO 2 . He ba.ses liis con- 
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elusion on the frequent negative results of direct injection of acid solutions 
(lactic, hydrocliloric, carbonic) into points of the medulla at the region of the 
respiratorj’- center where stimulation of respiration could be produced either by 
bicarbonate and CO 2 mixtures buffered to pH 7.4, or electricall 3 ^ We agree 
vith his ovTi statement in his discussion that the results cannot be considered 
very conclusive due to the artificial conditions; in our opinion the main point to 
be considered is the liigh acidity of the solutions injected into the ner^mus tissue. 
The least acid of liis solutions (CO 2 in water at 70 mm. tension) had apiDarentl 3 ^ a 
pH of 5.0. It has been Imown for a long time (Haldane, 1922) that increase in 
hydi'ogen ion concentration if great enough will depress and even stop respira- 
tion. In our own experience resphation ceases in dogs if the pH of the blood is 
maintained for a short time at around 6.8. The fact that a point that did not 
respond to acid stimulation could subsequently respond to electric stimulation 
is not conclusive either. He found a certain number of points that responded to 
electric stimulus and not to his own optimum chemical stimulus, namely, buffered 
CO 2 bicarbonate mixtures. One must also consider the possibility of a spread 
of the stimulating current. 

Comi’oe found in the above quoted experiments not only points that responded 
to electric stimulation and did not respond to chemical stimulus, but also other 
points that responded to chemical but not to electrical stimulation. To this 
apparent dissociation of chemical and electrical responses maj’ be added another 
fact. Comi'oe and Schmidt (1938) found that when the respiratory center of 
dogs is so depressed b}’’ anesthesia that it does not respond to such a strong chem- 
ical stimulus as inhalation of 10 jier cent CO 2 , it still can respond reflexly. In 
those dogs ventilation was maintained by reflex stimulation from the chemo- 
receptors and ceased complete^ with pure O 2 inhalation or when the sinus nerves 
were cut. These facts bring out an interesting speculation. 

One can postulate two separate sj'^stems in the respiratoiy center; one that 
originates impulses when the hydrogen-ion concentration increases vdthin the 
cell and one that responds to impulses coming to it in an afferent reflex way. 
These two sj^stems might be found in separate groups of cells with a final com- 
mon path, and evidence for this may be derh’-ed from Conu’oe’s results if con- 
firmed. The two systems might just as well be postulated within the same cell ; 
namely, the usual mechanism for responding to afferent reflex stimuli plus a 
system to respond to increased aciditj*. The latter could ver}’’ well be an oxida- 
tion-reduction system that w'ould easilj^ be affected, as most biological oxi- 
reduction systems, bj'- anestheia, O 2 lack, or increased acidity. The reflex sj^s- 
tem could remain effective when the oxi-reduction S 3 ’’stem w’as ineffective, and 
both could act either independently or additivelj’’ as to the number of imiiulses 
sent out by the cell. This conception if proved correct might eliminate a great 
deal of the confusion now existing as to the functions of the respiratory center. 
Some of the difficulties it might help to explain are, for instance, the reflex 
hjqierventilation due to anoxia while the blood is more alkaline than- normal and 
the center is depressed; it might also help to explain the so-called changes of 
irritability of the center due to reflex stimulation. 
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STOEVIARy AND CONCLXTSIONS 

1. The ability to compensate for a gradually increasing acidosis due to intra- 
venous injections of hydrocliloric or lactic acids was tested in anesthetized dogs 
deprived of their chemoreceptor reflexes b 3 ’' denervation of the carotid sinus region 
and by section of both vagus nerves. • 

2. Test of the ineffectiveness of the chemoreceptor reflexes was made by find- 
ing that the usual hyperventilation due to breathing oxj’-gen at low tension was 
replaced after denervation by a depression. 

3. Results in all experiments were similar. The existing acidosis, as shown by 
the lowering of the bicarbonate concentration of arterial blood was compensated 
for by increased ventilation and a consequent lowering of the CO 2 tension of 
arterial blood, the latter being in inverse proportion to the volume of ventilation. 

4. The compensation may be efficient enough to maintain the pH of arterial 
blood constant at least within dbO.Ol. As the chemoreceptors in the experi- 
mental animals were ineffective, we uill have to accept the respiratoiy center as 
the regulatorj’^ mechanism unless we invoke some other unknown mechanism, 
and therefore the respiratory center must be sensitiA'e to changes in hydrogen 
ion concentration at least as small as pH 0.01. 

5. A speculative hjqDothesis is presented. It postulates the existence in the 
respiratoiy center of two mechanisms, one that would originate impulses under 
the stimulus of increased hj^ch’ogen ion concentration while a second would re- 
spond to afferent reflex impulses. These mechanisms might act both independ- 
ently and additivelj" and might be found either in the same or in separate cells. 
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Among the miscellaneous sj^^stems classified as cholinergic (Dale, 1936) 
striated muscle seems to offer special opportunities for studying the acid humoral 
mechanism of stimulation. Its innervation is sparse, usually only one or two 
motor end plates to a single fiber (Kufller, 1941) and its stimulation by extraneous 
acetylcholine is Icnown to occur through the intermediation of the motor end 
plates (Buchthal and Linhard, 1937). Humoi’al stimulation by extraneous 
acet 3 dcholine appears to be of the simplest natui’e conceivable for each motor 
end plate acts as an independent source of stimulation to the muscle fiber whether 
that fiber be provided with one or more motoi- end i^lates. Unlike the neuron, 
apparently organized to sum its abundant and crowded sj’^naptic potentials into 
one common electrotonic current initiating the impulse at the distant axon hillock 
(Gesell, 1940), muscle is thought to be stimulated locally by each motor end 
plate potential in the manner illustrated in figure 2. The contractions so initiated 
travel independently in opposite directions and are automatically extinguished 
on reaching the end of the muscle fiber or on collision with a similar approaching 
Avave of contraction (Brown, 1941; Huffier, 1941). 

The strength of a composite contraction of a muscle submerged in acetyl- 
choline is no doubt determined b}'^ the number of muscle fibers which are stim- 
ulated and by the frequency" of their tAAitches, just as the strength of a reflex 
contraction is determined. With these points in mind we have endeavored to 
determine Avhether acid favors humoral intermediation in striated muscle as it 
Avas found to do in the central neiwous sj'^stem, and the heart (Gesell, Brassfield 
and Hamilton, 1942; Gesell, Brassfield and Hansen, 1942; and Brassfield and 
Gesell, 1942). 

Method. The rectus abdominis of the frog, commonly employed as an indi- 
cator of acetylcholine, is prepared and mounted on a specially constructed frame 
and subjected to acid-modified acetylcholine-containing Ringer’s solution. The 
experimental procedures are similar to those employed in studying the acid 
humoral control of heart beat (Gesell, Mason and Brassfield, 1944). Although 
the rectus abdominis Avas used entirely to study the acid-humoral intermediation 
of stimulation, the long parallel fibered sartorius muscle Avas found particularly 
suited to reA^eal the mechanisms of humoral recruitment. We haA'-e accordingly 
included one introductory observation on tins muscle. 

Results. Response of the sartorius muscle to graded immersion in acetyleholine 
solution. Buchthal and Linhard (1937) shoAved that localized application of 

* Preliminary reports Federation Proceedings 1: 10, 29, 5S, 1943. 

131 



132 


R. GESELL, A. IVIASON AND C. BRASSFIELD 


acetylcholine to a single motor end plate produces “short, rapid, tetanic con- 
tractions” of the corresponding muscle fiber. “Application of acetylcholine to 
other points on the fiber directh’-, in three to ten times higher concentrations 
than threshold for the end plates, has no effect.” In agreement Anth these most 
significant findings establishing the intermediary function of the motor end plate 
Ave haA'e found that a gradual immersion of an extended sartorius muscle into a 
Aveak solution of acetylcholine produces no \dsible contractions until that por- 
tion of the muscle proAuded Avith motor end plates is submerged. Once this leA'el 
is reached the strength of contraction increases A\uth the submergence. If the 
submergence occurs in large, abrupt steps, successiA’^ely exposing neAA' gi-oups of 
end plates to the action of acet 3 dcholine, the conti’action builds up in a step-like 
manner indicating that each increase in strength of contraction is caused bj^ the 



Fig. 1 Fig. 2 

Fig. 1. Response of the sartorius muscle of the frog to step-like immersion in acetyl- 
choline solution. 

Fig. 2. A schematic representation of electrotonic stimulation of a muscle fiber. A local 
liberation of acetylcholine at the motor end plate A , like a droplet of chloroform on Kitclla, 
sets up two circulating currents which stimulate at the outflow points B and B'. If the 
current is A^ery transitory only a single response maj' occur but if prolonged the response 
will be rhythmical. 

acti\mtion of additional muscle units (see fig. 1). Reciaiitment of this nature 
AA'ill be seen to plaj’- an important role in the interpretation of the i-esults de.scribed 
in the following sections. 

Response of the reclus ahdommis to shoi'l and long exposures to non-carhonated 
and carbonated acetylcholine solutions. Carbonation is attained by bubbling the 
solution Avith carbon dioxide. Long exposures of the rectus abdominis to acetyl- 
choline solutions, AA'hether carbonated or not, produce higher contractions and 
more pi-olonged periods of relaxation (i.e., after-contraction) than do shorter 
exposures (figs. 3 and 4). In figure 3 in AA’hich a non-carbonated acetylcholine 
solution is used, an exposure of 4.5 minutes produces a tracing G.3 mm. high as 
compared Avith 4.5 mm. in the shorter exposure of 30 seconds, an increase of 
25 per cent. In figure 4 in Avhich the acetylcholine solution is carbonated the 
augmenting effects of long expo.sure are proportionate!}* much greater. The 
tracing obtained Avitli long exposure is 14.5 mm. high as compared A\*ith G.5 mm. 
in the tracing obtained AA'ith the .■short exposure, representing an incrcjisc of 123 
per cent. The greater heights of contraction in the prolonged exposures are the 
rc.sult of a long sustained and gradual shortening of the muscle which is super- 
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imposed upon the short, rapid, introductoiy contraction. Prolonged contrac- 
tions ma}”-, therefore, be divided into the first and second phases of shortening. 

Granting that the strength of muscular contraction is primarilj^ a function of 
the number of fibers that are activated, the pattern of recruitment of new muscle 
units must determine the pattern of the muscle tracing. Superficial muscle 
fibers are no doubt reached b3’' the acetylcholine within a relativelj'’ short interval 
of time following the submersion of the muscle as compared ivith the considerable 
time required for the acetylcholine to reach the underhung fibers, even in a thin 
flat muscle such as the rectus abdominis. The depth of penetration of the 
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acetylcholine is determined bj'- the concentration of the acetylcholine in the sur- 
rounding solution, the velocitj' of its diffusion, the rate of its destruction bj'' the 
cholinesterase of the muscle tissue, and the duration of the submergence of the 
muscle. Each of these factors plaj’-s a part in determining the total number of 
muscle fibers activated. It, therefore, seems likeh’’ that the first rapid phase 
of shortening is the result of a sudden and almost simultaneous activation of the 
outer muscle fibers readilj'- reached by the acetylcholine and that the second long 
continuing phase of contraction is an effect of a progressive and more gradual 
recruitment of the deeper and more inacessible fibers. 
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The contractions produced by the carbonated acetylcholine solutions, whether 
immersion be long or short, are considerably greater than those produced by 
non-carbonated solutions. In the shorter exposures, figures 3 and 4, carbon di- 
oxide increased the height of tracing from 4.5 mm. to 6.5 mm. or 44 per cent; 
in the longer exposures from 6.3 mm. to 14.5 mm. or 132 per cent. 

The speed of shortening is also affected by carbon dioxide. This is best seen 
in the slow secondary contraction. In the prolonged submersion in a non- 
carbonated acetylcholine solution, figure 3, it is considerably slower than in a 
carbonated solution, figure 4. This suggests that acetylcholine entering muscle 
without the protection of cai'bon dioxide undergoes more rapid destruction. The 
greater speed and strength of contraction of muscles submerged in carbonated 
acetylcholine solution indicates a deeper and more rapid penetration of acetyl- 
choline and a greater recruitment of muscle fibers. 

It seems probable that the greater inten.sity of conti-action of a muscle sub- 
merged in carbonated acetylcholine solution is due to a greater frequenc}’’ of 
t^^■itch as Avell as to a greater recruitment of muscle fibers, for a readier penetra- 
tion of acetylcholine under the protective action of carbon dioxide must cause 
higher concentrations of acetylcholine in the muscle. This no doubt holds for 
both short and long submersions. Granting that higher concentrations of acetyl- 
choline set up more powerful electrotonic currents of .stimulation at the motor 
end plates, high twitch frequencies and greater strength of contraction of the 
muscle are to be anticipated. 

Carbonation of acetylcholine solutions not only increases the strength of con- 
traction but prolongs the periods of relaxation (i.e., the residual contraction 
which is recorded after the muscle has been removed from the acetylcholine con- 
taining solutions). This effect is similar to that produced by a prolongation of 
submersion of a muscle in an acetylcholine solution. Carbonation increased 
the duration of the “after-contraction” from 50 to 280 seconds in the short im- 
mersion of figures 3 and 4. In the longer immersion it increased the “after- 
contraction” from 130 to 420 seconds. These analogous effects of increased 
acidity of the muscle and of increased duration of exposure of the muscle to 
acetylcholine are conceivably a common function of the increased amount of 
the acetylcholine harbored by the muscle at the end of the period of .submergence 
in the acetylcholine containing sohition. Since both prolongation of immersion 
and acidification of the muscle should increase the amount of acetjdcholine har- 
bored by the muscle their individual effects should be additive. This would 
explain the great shortening of muscle occurring during a prolonged submersion 
in a carbonated acetylcholine solution as well as the prolongation of the period of 
after contraction. The muscle exposed to a carbonated acetylcholine solution 
would not only accumulate gi-eater amounts and greater concentrations of 
acet 3 'lcholine but the greater acidity attained would protect this harbored 
acetylcholine and extend the pen'od of re.sidual contraction. 

Effects of increasing hydrogen ion concentration on Immoral intermediation. 
Though our observations on this point are mainly ciualitativc thej’’ definitclj^ 
.«how that a dimini.shing pll of the environment, within limits not j^et e.stablishecl, 
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increases the response of the rectus abdominis to extraneous acetylcholine. This 
holds for Ringer’s' solution acidified wth either carbon dioxide or NaH 2 P 04 . 
The most strildng effect that we have so far obtained is shown in figure 5 in which 
the pH of Ringer’s solution was adjusted in four stages with NaH 2 P 04 , from 7.50 
to 5.40 (pli determinations were made vdth a glass electrode). As a precaution 
to obtain equal concentrations of acetylcholine in the environment the acetyl- 
chohne was added to each solution immediately preceding each immersion of the 
muscle. The reciprocal of the height of contractions illustrated in figure 5 
plotted against the prevailing pH, yields a curve rouglily comparable to that of 
hydrotysis of acetylcholine by cholinesterase against pH, as pubhshed b}'- Glick 
(1937) (see his fig. 1). That a common factor is involved in Glick’s in vitro 
experiments and in our experiments on the h\ang muscle seems at least suggested. 
Correspondence between the tissue and the in vitro experiments mthin a physio- 
logical range of pH indicates that the acid humoral mechanism of intermediation 
of stimulation may constitute a biologically significant adjustment of nervous 
integration. 

Intra and extra cellular hydrogen ion concentration . Artificial emmonments of 
relatively high pH values are capable of transferring acid effects across a cellular 
membrane to the interior of a living cell, provided the emdronment possesses a 
high acid content (CO 2 in the case of Jacob’s experiments).. These obseiwations 
of Jacobs (1920) showing that intra and extra cellular cH are not necessarily 
equal, even though equilibrium across the membrane be established, has been of 
great service in clarifj’ing the mechanisms of the chemical control of breathing. - 
Combined with the acid humoral concept of intermediation of stimulation it now 
promises new concepts of nervous integration. 

It is recalled that preacidulation of the excised heart of the turtle with car- 
bonated Ringer’s solution intensifies the inhibitory action of exogenous acetyl- 
choline (Gesell, hlason and Brassfield, 1944). In the present experiments pre- 
acidulation of the rectus abdominis is also found to intensify the response to 
ext-mneous acetylcholine just as simultaneous acidulation does,'i.e., immersion 
of the muscle in a carbonated acetylcholine containing solution. The directional 
change of cH of the muscle or the dhection of the movement of carbon dioxide 
seems to play no role in the response of the muscle, for in the preacidulation 
experiments the muscle is actually turning more alkaline as acetylcholine enters 
the muscle, whereas in the simultaneous acidulation experiments the muscle is 
turning more acid as the acetylcholine enters its substance. In both instances, 
however, the muscle is more acid than normal when acetylcholine enters. Since 
in one instance the muscle is more acid than the acetylcholine containing environ- 
ment and in the other more alkaline, the results are taken to indicate that intra 
rather than extra cellular cH is the determining factor. 

Additional data on this point are presented in contractions 6A, 6B, dC and 
6D, occurring during brief and equal immersions of the rectus in speciallj^ pre- 
pared buffer solutions to wliich equal quantities of acetylcholine were added. 
These solutions will be referred to as 6A, 6B, 6C and 6D. Ringer’s solution seives 
as the base of all. Solution 6 A is an unmodified Ringer^s solution with a pH of 
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7>38. Solution 6B is Ringer's solution plus 0.15 per cent'NaHCOs saturated 
with carbon dioxide to a pH of 5.72. Solution 6C is prepared by the addition of 
NaHCOs to solution 6B and has a pH of 6.50. Solution 6D is prepared by the 
addition of NaaCOs to solution 6B and has a pH of 6.30. After each contraction 
the muscle is flooded with plain Ringer’s solution. 

It null be seen that there is no simple relation l^etween the pH of the en^dl’on- 
ment of the muscle and the height of the contractions recorded. Contractions 
6B and 6C occurring at a pH of 5.72 and 6.50 are higher than that of 6A occurring 
at a greater pH of 7.38. Also contractions 6C and 6D at pH 6.50 and pH 6.30 
are lower than contraction 6B at pH 5.72. Contraction 6C, however, is higher 
than that of 6D despite the fact that the environment is 0.2 pH less acid than, 
that of 6D. 

This latter finding would seem to emphasize the importance of the composition 
of the buffered environment as contrasted vdth its resultant pH. The excess 
of NaHCOa in solutions 6C and 6D as compared with solution 6B might be ex- 
pected to promote a freer diffusion of base into the muscle and turn it more 
alkaline and thus tend to lower the response to acetylcholine. The presence of 
free CO 2 should on the contraiy exercise the opposite effect of turning the muscle 
acid. Since the pressure of carbon dioxide must, however, Ije higher in solution 
6C than in solution 6D it might be expected to promote a freer diffusion of CO2 
into the muscle and thus more effectively counteract the predominant alkaline 
effects of excess NaHCOs. If this interpretation is correct these findings re- 
emphasize the importance' of intracellular acidity as contrasted vuth extracel- 
lular acidity. 

The effects of intravenous injection of NaHCOs and Na2C03 noted by Gesell 
and Hertzman (1926) in the dog assume a new interest in this connection. While 
both salts were obseiwed to lower the cH of the blood they produced opposite 
effects upon the cH of the cerebrospinal fluid. Bicarbonate which increased 
the cH of the cerebrospinal fluid increased the volume of breathing whereas 
caihonate which lowered the cH inhibited breatlung. It therefore seems prob- 
able that the opposite effects of these salts on Ijreathing are also interpretable 
in terms of intracellular cH as indicated by the cerebrospinal fluid. The rela- 
tively small amount of cholinesterase in the blood as compared vith the lai'ge 
amounts in motor end plates and synapses suggests why acid should function 
most effectively as an anticholinesterase intracellularly. 

Discussion. Similarities of response of Nitella to localized chemical irritation 
and of striated muscle fibers to exogenous acetylcholine suggest analogies of 
neurophy-siological interest (see fig. 2).- According to Osterhout and Hill 
(1930) the rhythmic activit5' of Nitella is created by electrotonic currents which 
stimulate the membrane at their site of outflow. The periodic activity which 
originates immediately outside the area of irritation is longitudinally propagated 
in two directions in the manner proposed by Lillie for conduction in neive and 
muscle fibei-s. This rhythmic discharge resembles and, so far as is Imown to us, 
is equivalent to the well kno^vn rhythmic response of the isolated ventricle to a 
galvanic current, the “closing tetanus” of neiwe and the rhythmic discharge of 
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nerve fibers to their ovti currents of injuiy. According to Buchthal and Lin- 
hard the rhythmic contractions of striated muscle produced by exogenous acetyl- 
choline, like the rhythmical electrical response of Nitella to chloroform, originate 
in a liiglily localized source of stimulation, namel}’-, the motor end plate. In our 
opinion the tetanic contractions of a muscle fiber produced by exogenous acetyl- 
choline represent a response to an electrotonic current created and maintained 
by a steady supply of exogenous humor at the motor end plate (see fig. 2 and 
Gesell, Brassfield and Hansen, 1942)." 

Under physiological conditions muscle fibers do not function as rhythmical 
end organs due to the rapid destruction of acetylcholine liberated by a single 
nerve impulse. Preservation’ of the life span of such a liberation of endogenous 
acetylcholine by eserinization however changes the single response to a single 
nerve impulse into a repetitive contraction. This repetitive response, in our 
opinion, is created by the prolongation of the electrotonic current set up at the 
motor end plate and, as far as we are able to judge, is similar in essentials to the 
after-discharge of nerve cells wliich have been bombarded by nerve impulses 
(Gesell, Brassfield and Hansen, 1942). The recent observations of Kuffler 
(1942) showing that eserinization of muscle actuallj’- prolongs motor end plate 
potentials would seem to fall in line mth the electrotonic concept of stimulation 
of muscle. 

It was observed abo^'e that the contraction of a muscle subjected to a steady 
source of exogenous acetylcholine continues for a considerable time after the 
muscle is transferred to an acetylcholine-free emdronment. The relativety 
slow destiaiction and outward diffusion of the acetylcholine harbored by the 
muscle would explain this after acthdty. If this be time, the progi'essive weak- 
ening of contraction in acetylcholine free Ringer’s solution presents the simplest 
conceivable example of the phenomenon of “after discharge” such as is observed 
in nerve cells. On that basis the declining “after discharge” of reflex centers 
becomes a function of the destimction and outAvard diffusion of the endogenous 
acetylcholine liberated by a preceding sensory stimulation, a concept Avhich is in 
agi’eemeiit Avith the humoral nature of after discharge as postulated by Rosen- 
blueth (1935). 

Support of these AueAvs is found in the obserAmtions that chemical factors AAdiich 
are supposed to delay the destruction of acetylcholine prolong “after discharge” 
in seAmral cholinergic systems including the respirator}’- center, the heart and the 
respiratory muscles. Eserine and acid, for example, intensify and prolong the 
inhibitory effects of exogenous and endogenous acetylcholine on the heart 
(Gesell, Mason and Brassfield, 1944). Eserine brings on a repetitive response 
of striated muscle to a single motor impulse and acid prolongs the after response 
to exogenous acetylcholine. Both eserine and hypercapnia prolong “after h 5 ’-per- 
pnea” (i.e., reflex after discharge of the respirator}' center) produced by faradic 
stimulation of sensory nerves (Hering’s nerve and sensory cutaneous neives) 
(Gesell, Hansen and Worzniak, 1943; Gesell, Hansen and Brassfield, 1942). 
The highly interesting obseiwations of Eccles (1943) shoAA'ing that increased 
frequency of stimulation of primaiy neurones intensifies, smoothes and prolongs 
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the synaptic potentials of secondary nei^'^e cells would seem to support our con- 
cepts of the electrotonic mode of muscle stimulation and the electrotonic nature 
of nerve cell stimulation and neiwe cell after-discharge. This intensification of 
synaptic potentials (our electrotoniC current, Gesell, 1940) Ave believe is due to a 
‘‘pooling” of intrinsic acetylcholine similar to that AV'hich occurs during hj^jer- 
capnia (Gesell, Brassfield and Hamilton, 1942) and eserinization (Gesell, Brass- 
field and Hansen, 1942; Gesell and Hansen, 1943). Hypercapnia and eseriniza- 
tion which are thought to prolonge the life cycle of an individual synaptic libera- 
tion of acetylcholine should have much the same effect as that of increasing the 
frequency of stimulation. 

r 

SUxMMARV AND CONCLUSIONS 

The contraction of the rectus abdominis muscle submerged in an acetylcholine 
containing enAuronment consists of two phases of shortening — ^a brief and rapid 
shortening folloAA'ed ly a protracted and gradual shortening. 

Replacement of the muscle in an acetylcholine free enAuronment shoAA’s a 
moderately protracted period of dimini.shing contraction. 

- The rapid primaiy contraction produced by acetylcholine solutions is thought 
to represent an immediate response of those muscle fibers possessing superficially 
e.xposed motor end plates. The secondaiy protracted contraction is belicA’ed to 
e.xpress a progressiA'e recruitment of neiv muscle units due to a gradual penetra- 
tion of acetylcholine into the muscle. 

Carbonation of the acet^dcholine containing enA'ironment caused an increased 
height of contraction. The “after-contraction” occurring on transferring the 
muscle to a carbon dioxide free and acetylcholine free environment Avas also 
prolonged. 

It is suggested that these augmenting and prolonging effects of carbon dio.\'ide 
on the response of muscle to exogenous acetylcholine are iraportantlj'" related to 
the anti-cholinesterase actiAuty of the acid. Protection of the e.xogenous acetyl- 
choline diffusing through and harbored AA'ithin the muscle jicrmits a deeper 
penetration of the humor and a consequently greater recruitment of muscle units. 
This same protection prolongs the “after-contraction” as Avell. 

The phenomenon of “after-contraction” as obseiwed in these experiments on 
exogenous acetylcholine is likened to the repetitiA'e response of an eseiinized 
muscle to endogenous acet3';Icholine liberated ly a single motor neiwe impulse. 
It is regarded as analogous to the “after-discharge” of reflex centers to sensory 
stimulation. These A'arious forms of after actiA'ity are all belieA^ed to represent 
a periodic response to an electrotonic current generated bj' a common nuero- 
effector. 
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Although a knowledge of the energy expenditure in swimming is essential in 
assigning this acthdty a proper place in exercise programs, records of such investi- 
gations are few. It is also not uncommon to find statements regarding energj" 
costs of swimming vdthout reference to the type of stroke, the velocity attained 
or the proficiency’' of the s'WTmmer; yet these factors are of prime importance and, 
if disregarded, statements regarding the cost of swimming become meaningless. 
The purpose of this study was to determine the amount of energy spent in various 
swimming strokes by’’ men and women for speeds from 2 to 5.5 feet per second. 

In 1919 Liljestrand dnd Stenstrom tested the back, breast, trudgeon and side 
strokes, but at low velocity’- and without consideration of the oxygen debt. Greene 
(1930), Schmelkes (1935-6) and Egolinskii (1940) studied the breast and crawl 
strokes. In 1940 Karpordch and LeMaistre subjected the breast stroke to 
analysis. 

Proced-ure. Twenty-four subjects were tested: 15 college men, 22 to 26 y’^ears 
of age, and 9 girls, ranging in age from 15 to 22 y’-ears. Of this number four men 
were selected as representative of good swimmers and tested repeatedly in order 
to permit the construction of individual speed-energy curves. Five ty^pes of , 
s^^’imraing styles were investigated: crawl, back (or inverted crawl), side, breast 
and butterfly. 

The swimming distance was from 60 to 120 feet; that is, once or twice the length 
of the indoor pool in which the tests were conducted. Actual swimming started 
•with a push-off, the force of which was roughly’ proportional to the speed of 
s-wimming; a weak push-off was used for low velocities and a strong one for high 
speeds. Long glides were eliminated and subjects started the use of the arms and 
legs as soon as possible after the push-off. 

During the svdm the subject held his breath and, immediately upon completion 
of the exercise, the collection of expired air began. This continued for from 20 -to 
40 minutes, depending upon the intensity of the exertion. The Douglas-Haldane 
method of measuring metabolism was employ’cd, and the amount of energy used 
was calculated from the oxygen debt. The subjects were tested in the morning, 
in the “basal” state. Both the pre-swimming and the recovery metabolism 
were tested with the subject in a comfortable sitting position and well covered. 

Results. The results of this investigation are graphically presented in four 
figures, showing the relation between the speed of swimming and the energy used. 

In each figure the curv’es represent energy* expenditure for the selected good 

^ This study was aided by a grant from the Elizabeth Thompson Science Fund. 

-Present addrcps: AAF School of Aviation Medicine, Randolph Field, Texas. 

® Present address: Ortho Products, Inc., Linden, New Jersey. 
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s-nimmers who were tested over the whole speed range. As may be observed, the 
results obtained from other swimmers de\'iate from these curves, depending upon 
the proficienc}^ of the individual. 

For example, it ma}^ be seen in figure 1 that at a speed of 2.5 ft./sec. one sub- 
ject used 70 cal./min., or her energy expenditure was almost 5 tunes as great as 
that indicated by the cuiwe. At a speed of 5.5 ft./sec. the curve shows 96 
cal./min., whereas a champion svimmer expended only 75 cal./min. Looldng 
across the graph, it may be observed that this is just about the same amount 
expended b}'' the poor swimmer at only 2.5 ft./sec. 

Similarly in figure 2 an inefficient backstroke consumed 100 cal./min. at a 
speed of 3.8 ft./sec.; yet an expert used only 36 cal./min. These deviations, 
naturally, are expected in testing different people for an}’- stroke and speed. 
However, in anj’- stroke these de\dations are smaller at the greater speeds than at 
the lesser speeds. The explanation is ob\'ious: in order to develop high speed, 
svimmers must be in a state of good mechanical and physiological efficiency, 
Avhich precludes any large fluctuations. 

Analysis of the cuiwe in figure 1 shows that the energy expenditure in the crawl 
stroke is roughly proportional to the square of the speed. This agrees ndth the 
previous investigation (Karpovich, 1933) in which the water resistance was found 
to vary approximately as the square of the speed. Although water resistance in 
the glide on the back also varies as the square of the speed, examination of the 
curve on figure 2 shows that in actual back stroke swimming the expenditure of 
energy rises faster than the square of the speed. This discrepancy may be due 
to additional w’ater resistance caused by a certain bod}’- twisting typical for the 
back stroke. 

In the breast and side strokes the relationship between the energy used and the . 
speed of swimming is not as simple as in the crawi or even in the back stroke 
(figs. 3 and 4). The reason for tliis is a more complicated arm and leg action. 
During the recovery phases of the stroke, just before the arm thrust and leg kick, 
both legs and arms are in a very aw^kward position as far as streamlines are con- 
cerned, causing an excessive rise in water resistance. Although this is somewffiat 
offset by a more efficient leg kick in breast and side strokes than in crawl and 
back, yet the total effect is a loss in efficiency and therefoi’e a greater expenditure 
of energy. 

With elimination of the underw’ater arm recovery in the butterfly, one cause of 
loss of energ}^ has been also eliminated and strangely enough the relationship be- 
tween the speed and the energy use is about the same'^as in the crawl. 

For the sake of comparison, the data for back and breast strokes obtained by 
Liljestrand and Stenstrom (1919) were also added to the corresponding curves in 
figures 2 and 3. As can be seen, their data for speeds less than 2 ft./sec. seem to 
lie on the continuation of these curves; for greater speeds (see fig. 3) their 
figures are too low because Liljestrand and Stenstrom did not take into considera- 
tion the oxygen debt. 

The relationship between breast and butterfly strokes is especiaUj'- interesting. 

In the butterfly stroke, the arms are carried through the air in continuous rotary 
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motion, resembling a watenvheel. In this maimer the i*esistance caused by the 
arms in recover^" is eliminated, and greater speed is obtained. Yet it -will be 
noted (fig. 3) that for speeds under 3 ft./sec. it costs more to svdm butterfly 
style than breast, and a possible explanation for this may be the extra effort 
needed to presenm the bod 3 ’’ equilibrium which is disturbed at low speed b}’- the 
simultaneous lifting of both arms. 

It would be futile, however, to trii" to comdnce a svimmer that at greater speeds 
the butterflj’' stroke is more economical than the breast, because he knows from 
experience that the butterfly is more tiring. This paradox may be solved hy con- 



Fig. 1. Energ 3 ' expenditure in the crawl stroke. • — Data, obtained on one good 
sTA'immer, from wliich the curve was plotted. O — Other swimmers. 

Fig. 2. Energy e.xpenditure in the back stroke. •—Data, obtained on one good swim- 
mer, from which the curve was plotted. O — Other swimmers. X — Data taken from 
Liljestrand and Stenstrom (1919). 

Fig. 3. Energi’ expenditure and the speed of the breast and butterilj' strokes. O — ^Breast 
stroke. • — ^Butterfly stroke; one good swimmer was used for each stroke. X — Data taken 
from Liljestrand and Stenstrom (1919). (Data obtained on 4 breast strokes and 4 butterflj" 
swimmers are not shown here to avoid confusion. They all were mediocre swimmers and 
therefore the energy expenditure was a great deal higher than that indicated by the respec- 
tive curves.) 

Fig. 4. Energy* expenditure and the speed of the side stroke. One good .swimmer was 
tested. 

sidering that the fatiguing effect in the btittevfly stroke is mostly of local origin, 
being confined largely to the muscles of the shoulder girdle, which are in constant 
action. In the breast, stroke, however, there are two period.s of comparative re.?t 
for these muscle.^, one during the glide, and the other during the recovery" phase. 
The relative energy cost of the various strokes thus depends on the rate of speed. 
At speeds greater than 3 ft./sec. it jp possible to arrange swimming styles in order 
of increasing energy cost as follow.®: crawl, back, butterfly, breast and side. 
ITnder 3 ft./sec. the butterfly is loss economical than the .side. 

Egoiin®kii (1940) found that for the same rat^e of speed the crawl stroke is more 
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economical than the breast stroke. Scmtiny of his data reveals that he does not 
have enough evidence to substantiate his deduction. He tested each of Ms sub- 
jects three times and obtained inconsistent results. Eds data were recalculated 
so that the relation between the speed of svuniming and calories per minute could 
be established. Subject M. Sh., using the breast stroke, spent 48.5 cal./mm. at 
a speed of 3.41 ft./sec. and onlj’- 37.9 cal./min. at a speed of 3.77 ft./sec. Sub- 
ject L. M., using the crawl stroke, spent 51.1 cal./min. at a speed of 3.41 ft./sec. 
and only 39.6 cal./min. at a speed of 3.86 ft./sec. Since the expenditure of 
energy should rise vith the increase of speed, these figures are inconsistent. 

Schmelkes states that up to a speed of 3 ft./sec. the crawl requires more energj^ 
than the breast stroke. As there is no assui’ance that Ms swimmers were equall3’- 
proficient in both styles, Ms deductions may be questioned. 

As far as the comparative economy of the strokes is concerned, a rather simple 
additional argument may be offered. Greatest swimming speeds are obtained bj;^ 
champions with the crawl stroke, therefore the crawl stroke must be the most 
economical. At very low rates of speed this relation may be different, but, smce 
in the present investigation the lower limit was a speed of 2 ft./sec., nothing can 
be said about the relative economy, of the strokes below this speed. 

Although the limit of power and speed was obseiamd to be higher in boys than in 
gu'ls, no sex difference was evident in the energj’’ expenditure for the same strokes 
and speeds. 


SUMMARY 

1. The energ}’' cost of snimming crawl, back, breast, butterfly and side strokes 
at speeds greater than 2 ft./sec. was found on twenty-four subjects of both sexes. 

2. Svimming at speeds higher than 2 ft./sec. should be considered a vigorous 
exercise because metabolism rises to more than 10 times tlic basal rate. At 
speeds bejmnd 5 ft./sec. metabolism maj”" be more than 100 times higher than 
basal. Unskilled swimmers expend from 2 to 5 times as much energy as skilled 
swimmers. Fluctuation between indiMduals is greater for the lower speeds than 
for the higher ones. 

3. The swimming strokes maj* be arranged in order of increasing energj' cost 
as follows: crawl, back, breast and side. This relationship holds true for anj'^ 
correspondmg speed. The butterfl}’^ stroke, however, has certain peculiarities. 
It is the least economical of the five strokes under 2.5 ft./sec. Above this speed 
it becomes more efficient than the side stroke and at 3 ft./sec. it is more economi- 
cal than the breast stroke. 

4. A greater fatiguing effect of the butterflj' stroke as compared with the 
brca.st stjde maj’’ be due to local fatigue of the shoulder girdle muscles. 

5. No sex difference in the relative cost of swimming was ob.''-eiwed. 

\Yc wish to thank IMr. Richard Pohndorf for his invaluable assistance in this re- 
search, and ]\Irs. David Heinlein for technical aid during the additional checking 
tests. 
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The hexosemonophosphate (HMP) of striated muscle, first isolated by Embden 
and Zimmerman (3), was showTi by Lohmann (5) to consist of an equilibrium 
mixture of glucose-G-phosiihato (GP) and fructose-6-pliosphate (FP), in which 
the GP predominates. ’ Lohmann found that muscle extract contains an enzjune 
which converts either pure substance into the equilibi'ium mixture with extreme 
]-apidity. He also showed (4) that the fructose derivative has a higher initial 
rate of hydrolysis b}' boilmg mineral acid than does the glucose derivative. The 
two compounds are so similar in their phj’sical propei'ties that a separation by 
ordinary means is not feasible. 

The use of radioactive phosphorus (P^*) as a tracer, together with this differ- 
ence in the initial hj’^drolj’-sis rates, makes it possible to study the separate meta- 
bolic functions of the two compounds. In the experiments presented here, tlfis 
method has been applied to the study of the metabolism of these phosphorylated 
' sugars in resting muscle of cats and frogs. 

In experiments vdth pure GP and FP it was found that, at the optimum 
acidity for the precipitation of P as ammonium phosphomolybdate, approxi- 
mately 2.5 N nitric acid, and the temperature of the boiling water bath, some 35 
to 40 per cent of FP- underwent hydrolysis in 1 to 1-| hours, as compared to 20 per 
cent of GP. The complete hydrolysis of either compound requires an extremelj’’ 
long heating, as Lohmann found. Thus bj'’ hydrolysis for this short period, 
separation of the precipitated phosphomolybdate, and prolonged hydrolysis of 
the material remaining in the filtrate, it is possible to obtain two fractions: in the 
first, the P originally present is FP is in larger amount; in the second, P derived 
from GP predominates. Although the difference in per cent hydrolysis in 1 or 

hours is not veiy great, in the experiments voth P®^ the differences in relative 
radioactivity between the two fractions which were found are far beyond possible 
experimental error. 

The general procedure of the experiments was similar to that of the previous 
studies (6): the P^^ in the form of Na 2 HP 04 was injected subcutaneously in the 
cats or into the ventral lymph sac in the frogs, and the muscles frozen 2, 4 or 24 
hours later. The frogs were decerebrated a day prior to use; the cats were 
anesthetized with pentobarbital for the freezing of the muscles. The enthe 
musculature of both hind legs was used in the frogs, and the gastrocnemius 
muscle in the cats. Tricliloroacetic acid filtrates were prepared, using three 

1 Supported by a grant from the John and Mary R. Markle Foundation 

2 Present address: Endo Products, Richmond Hill 18, New York 
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volumes of 15 per cent solution, and the various organic P compounds present 
separated by barium and differential acid hydrolysis. 

The barium-insoluble fraction Avas worked up by the methods previously des- 
crilDed (6) for the separation of the P present in the tAA'o acid-labile phosphate 
groups of adenosine triphosphate (ATP). The barium-soluble fraction, con- 
taining the HMP, Avas acidified to about 2.5 N AAdth nitric acid, excess ammonium 
motybdate added, and the solution let stand OA’^emight, to precipitate the trace 
of inorganic P present and that lilDeratcd by the hydrolysis of phosphocreatine. 
This precipitate AA^as discarded, and the filtrate heated on the boiling Avater bath 
for 1 to 1-| hours, cooled and filtered. The filtrate AA'as then heated on the steam 
bath for 40 hours to complete the h 3 ’-drolysis of the HMP. All phosphomolylD- 
date precipitates AA^hose radioactivity AA-as to be measured Avere converted to Mg- 
NH4PO4, and measurements of relath-e radioaettyity made on the material thus 
obtained by the procedure preA'iouslj’- described (G). The amounts of readily 
hydrotyzable P of ATP found corresponded to about 30 to 35 mgm. per cent, and 
the total HMP to about 7 or 8 mgm. per cent as P. These values are slightl}’’ 
loAA^er than those obtained by direct colorimetric determination on trichloroacetic 
acid filtrates. The distribution of the P betAA'een the tAA'O fractions of the HMP 
Amried con.siderably. The amounts of P from ATP AA’hich A\’-ere obtained ranged 
from 1 to 2 mgm.; the P in each of the HMP fractions AA’as usually betAA’^een 100 
and 200 gamma. Control experiments AA'ith 200 gamma of inorganic P, carried 
through the phosphomolyl^date and magnesia mixture precipitations, gave re- 
coveries of OAmr 90 per cent. In the tables, the data on radioactivity have been 
expressed as counts per minute per milligram P, calculated to the basis of one 
million counts per minute per Idlogram bodj’’ Aveight, as of the daj" the deter- 
minations Avere made. Thus the figures on any tAvo animals are directly com- 
parable. 

The results obtained lead to the folloAA’ing conclusions: the mechani.sm by 
AA'hich glucose enters the muscle cell is the formation of GP on the membrane, 
AA'ith penetration of the glucose portion into the cell interior accompanied by the 
h 3 ’’drotysis of the phosphate linkage, the phosphate remaining in the extracellular 
phase; in the muscles of cats, but not in frogs, there is an interchange of phosphate 
groups in resting metabolism between ATP and FP; in the muscles of frogs, but 
not in cats, FP and GP are intcrconA'ertible; in the muscles of neither species 
does transfer of phosphate groups take place betAA'cen ATP and GP; theadminis-' 
tration of appreciable amounts of inorganic phosphate to fasted, but not to post- 
absorpttye, cats, leads to a mobilization of GP on the cell membrane; andthe 
administration of glucose AA'ith the phosphate in fasted cats increases this mobili- 
zation of GP on the muscle cell membrane. 

In earlier e.xperimcnts on the time course of the distribution of P^^ in resting 
metaboli.sm (6), an accumulation of HMP AA-as found 2 hours after giving tlie 
tracei', AA'hen the total amount of carrier P amounted to seA-eral milligrams per 
kilogram. In the present experiments it AA'as found, both in fasted cats (table 1) 
and in frogs (table 2), that thi.=: accumulation consists entire^' of GP. Such a 
result might haA-e been anticipated, since no fructose circulates in the body 
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fluids. However, the finding demonstrates that interconversion of the two com- 
pounds does not take place on the cell membrane. In tlie experiments on fasted 


TABLE 1 

Time covrseof uptake of by acid labile 

groups of adenosine triphosphate, 
fructose-G-phosphate, and glucose-G- 
phosphate in resting muscles of fasted 
cats 

Valves are expressed in terms of 
counts per minute per milligram P, cal- 
culated to the basis of 10*® counts in- 
jected per minute per kilogram body 
weight, as of the day of measurement. 


ADLNOSINE 

TRIPHOSPHATE 

rRUCTOSE-6- 

PHOSPHATE 

GLUCOSE-6- 

PHOSPHATE 

2 hours after P^' 

2 

38 

65 

124 

80 

84 

202 

66 

27 

149 

79 

37 

189 

88 

102 

209 

Av... 70 

63 

175 

4 hours after P^* 

» 

75 j 

31 

114 

84 1 

14 

167 

62 

19 

170 

77 1 

25 

219 

78 

60 

228 

65 

56 

250 

70 

45 

217 

Av... 72 

36 

1 

195 


24 hours after 


193 1 

132 

84 

167 

122 

102 

165 

121 

88 

224 

150 

121 

AV....187 

131 

99 

i 


TABLE 2 

Uptake of P®®** by resting muscles of frogs. 
Values are in the same terms as 
in table 1 


ADEVOSINE 

TRIPHOSPHATE 

rRUCTOSE-6- 

PllOSPHATE 

glucose-6- 

PHOSPHATE 

2 hours after P^ 

2 

73 

82 

348 

23 

62 

162 

84 

154 

435 

136 

144 

472 

Av... .79 

1 

111 1 

352 

24 liours after P^ 

12 

233 

142 

134 

306 

' 155 

141 

152 

100 

99 

106 

62 

65 

Av... 199 

115 

109 


cats this accumulation of GP is still present four hours after the administration of 
P'®". However, by 24 hours after the injection, the P®“ content of the GP has 
decreased to a value lower than that at 2 or 4 hours, while the P^^ content of the 
ATP and FP have risen to values xvhich now exceed those for the GP. If tln^ 
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Hgh content of the GP at 2 and 4 hours did consist of intracellular material, 
the relative radioactimt 3 ’’ could not drop to a lower value at a later time. Hence 
the high P^* content of GP must signifj’’ material which has not penetrated into 
the cell inteiior, and most likelj’’ is adsorbed on the membrane. Also, since the 
P^^ contents of FP and ATP are higher than those of GP at 24 hours, there cannot 
have been any interchange of phosphate groups between GP on the one hand and 
FP or ATP on the other. This applies to indirect interchange as well as to 
direct. 

In the 24-hour experiments on fasted cats, the P^^ content of the FP is higher 
than that of GP, although lower than that of ATP. Since the hydrolysis pro- 
cedure does not give a clean cut separation of the P of the two sugar derivatives, 
the actual P*- content of the FP must be higher, and that of the GP lower, than the 
measured values. The conclusion is therefore warranted that there has been 
interchange of phosphate groups between ATP and FP, and that they are in 
equilibrium. It is impossible to determine whether the interchange is direct or 
indirect, through inorganic phosphate or some other intermediate. 

The situation in the 24-hour frogs is quite different. Here the P^^ contents of 
FP and GP are equal, at a value significantly lower than that of ATP. There- 
fore FP and GP ha^'-e been intercon\^erted, presumably by the enzyme described 
by Lohmann (5). However, neither has exchanged phosphate groups, directly 
or indhectly, vdth ATP. The data on the two species point to two separate and 
distinct pathwa 3 ^s of phosphorylating carbohydrate metabolism in resting muscle. 
Thus a situation winch was already ver 3 '’ complicated has become even more com- 
plex. It would be interesting to determine which of these two relations is found 
in other mammalian species. 

The experiments described above were carried out on cats which had been last 
fed late in the afternoon of the second day previous to the morning on which the 
P^' was injected. Another series of experiments was then cai'ried out on cats 
which were last fed late in the afternoon preceding the day of injection of the 
P^^, except that the 24-hour animals Avere fed again some 8 hours after the P^^. 
These animals wall be considered as being in the post-absorptive state at the time 
of the experiment. As shovm hi table 3, there is a marked contrast between 
these animals and the fasted ones. There is practicaU 3 ’' no evidence for any' 
mobilization of GP on the membrane in the post-absorptive animals at an 3 '' of the 
times studied. The ATP in the 2 and 4-hour experiments, and all three com- 
pounds in the 24-hour ones, have a higher P^- content than in the fasting animals. 
Thase data also indicate exchange of phosphate groups between ATP and FP, 
but not between either of these and GP. The higher uptake of P^- must indicate 
a greater metabolic turnover of all these compounds in the post-absorptive state 
than in fasting. For the GP and ATP, this must mean greater rate of formation 
and .synthesis of the compounds on the cell membrane. The absence of any 
mobilization of GP on the membrane signifies that phosphate administration is 
able to cv'oke such a mobilization only' in the previously' fasted animal. 

This last point is emphasized even more strongly' when the effect of glucose 
administration on the uptake of 1”- is compared in the fasted and post-absorj)- 
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tivc animal (table 4). In these experiments, 30 cc. per kgm. of 5 per cent glucose 
solution Avas injected intraperitonealty 30 minutes after the injection of the P^-, 
so that the peak of blood sugar rise would come at the same time as the peak of 
in the plasma inorganic phosphate. The muscles were frozen 4 hours after the 


_ TABLE 3 

Uptake of hy resting mvseles of cats in 

post-ahsorptivc state 

Values in same units as previous tables 


ADENOSIKE 

FRCCrOSE-e- 

glucose-6- 

TRIPnOSPHATE 

PHOSPHATE 

PHOSPHATE 


2 hours after P®- 


108 

59 

42 

99 

57 

S3 

105 

58 

37 

145 

73 j 

58 

140 

64 

45 

AV....119 

62 j 

43 


4 hours after P’- 


172 

110 

67 

116 

75 

55 

150 1 

133 

73 

143 


47 

98 

61 

77 

132 

, 76 ■ 

59 

AV....135 

91 j 

63 


24 hours after P^^ 


229 

210 

111 

225 

216 

142 

249 

197 

118 

195 

194 ■ 

142 

AV....225 

204 

128 


TABLE 4 

Effect of glucose administration on P^- 
vptakc by resting muscles of cats in 
fasting and post-absorptive states 
Samples obtained 4 hours after injection 


of P*=, SI hours after glucose. Values 

in same units 

as in previous tables 

ADENOSINE 

rRCCTOSE-6- 

glucose-6- 

triphosphate 

PHOSPHATE 

PHOSPHATE 

Fasted 



665 

84 

50 

610 

72 

103 

385 

83 

72- 

590 

63 

i 

402 

73 

38 

525 

Av SO 

66 

530 

Post-absorptive 

58 

55 

38 

‘ 76 

51 

37 

■ 87 

67 

70 


50 

9'4 

56 

17 

30 

51 

32 

47 

87 

68 

60 

Av 74 

49 

54 


injection of the P^-. In the fasted animals, the glucose has evoked about three 
times as great an accumulation of GP on the membrane as the phosphate alone; 
in the post-absorptive animals, the glucose has not brought about any change in 
the P^" content of the GP different from that resulting from phosphate alone. - 
It has, however, reduced the uptake by the ATP. The significance of this latter 
point Avill be discussed in a later paper. 
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These data are of value in relation to the mechanism of glucose absorption by 
the muscle cell, and to the conditions under which such absorption takes place. 
The free glucose of striated muscle in the vat is about one-eighth that of plasma, 
and that of the heart about one-third the plasma content (2). These fractions 
correspond verj'' closely to the fractions of these two organs which have been 
found (1 ,7) to com]Drise the extracellular phase. The inference is therefore per- 
missible that all the free sugar in these tissues is present in the extracellular 
phase, and that the cell membrane is impermeable to glucose. The absorption of 
glucose into the muscle cell must therefore take place through the formation on 
the membrane of some compound of which the glucose portion at least is able to 
penetrate into the cell interior. The e.xperimental data here presented indicate 
rery stronglj’- that GP is the compound involved, and further indicate that ab- 
sorption of glucose by muscle is a function of the carbohydrate reserves as well as 
of the glucose supph^ The accumulation of GP on the membrane in the fasting 
animal when pho.sphate is given, the marked increase in this accumulation pro- 
duced by glucose, and the failure of this process to take place in the post-absorp- 
tive animal, all point strongl}- to the carboh 3 '‘drate reserves playing an important 
part in determing the extent of glucose absorption. 

The presence of P^^ in the GP under all conditions shows that there must be 
some metabolic turnover of this compound, with formation on the membrane, 
penetration of the molecule into the cell interior, and the reverse processes taking 
place constantly. Howe\’’er it seems clear that this metabolic turnover must be 
di.stinguished sharply from the accumulation of GP on the membrane that is 
involved in glucose absorption. The data show that the phosphate groups 
which are active in glucose absorption do not hecessarilj’- penetrate the membrane, 
but remain extracellular. The previously published data (6) which showed that 
no interchange of phosphate groups takes place, directly or indirectly, between 
intracellular HMP and intracellular inorganic phosphate, together with the 
present findings that in the cat this failure of interchange is limited to the GP 
fraction of the HMP, indicate that the penetration of the glucose portion of the 
GP molecule into the cell interior is accompanied by hydrolysis of most of the 
phosphate, and that the resulting inorganic phosphate remains extracellular. On 
this basis, the P^- content of the GP in tracer experiments cannot be used as a 
measure of the amount of glucose absorption taking place, but only as an indica- 
tion as to whether it is taking place to any significant extent. 

The writer wishes to express his thanks to Dr. J. G. Hamilton of the Radiation 
Laboratory, Univensity of California, and to Prof. J. jM. Cork, of the Department 
of Physics, University of Michigan, for their generous supplies of radioactive 
phosphorus. 

SUMMARY ANT> CONCIiUSIOKS 

1. Radioactive i)hosphoms has been used to study the metabolism of glucosc- 
and fructose-6-pho3phatcs in the vesting metabolism of striated muscle of cats and 
frogs. 
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2. In the muscles of frogs, )3ut not in those of cats, the two phosphoiylated 
sugars are directly interconvertible. 

3. In the muscles of cats, but not in those of frogs, there is read}- interchange 
of phosphate groups, either direct or indirect, between fructose-6-phosphateand 
adenosine triphosphate. 

4. Neither in cats nor in frogs is there an}'- interchange of phosphate groups 
between glucose-6-phosphate and adenosine triphosphate. 

5. In fasted cats, the administration of phosphate leads to a mobilization of 
glucose-6-phosphate on the muscle cell membrane. 

6. The administration of glucose to fasted cats increases markedly the phos- 
phate-induced mobilization of glucose-6-phosphate on the muscle cell membrane. 

7. Phosphate does not lead to a mobilization of glucose-6-phosphate on the 
cell membrane of cats in the post-absorptive state, nor does glucose administra- 
tion to such animals evoke such mobilization. 

8. Evidence is presented that the absorption of glucose by the muscle cell 
takes place through the fonnation of glucose-6-phosphate on the cell membrane, 
penetration of the glucose portion of this molecule through the membrane, fol- 
lowed by hj'-dolj'-sis of the phosphate linkage, with the phosphate remaining in 
the extracellular phase. 

9. In resting muscle, absorption of glucose apparently takes place only when 
the carbohydrate reserves have been depleted, as by fasting. 
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Selle (1, 2, 3) has shown that the duration of survival of the decapitated rat 
head depends upon age, previous treatment with drugs, and temperature. He 
believes that following decapitation in jmung rats onl}-, two series -of gasps 
separated by a period of apnea occur. Our results do not corroborate this 
phenomenon in its entiret}'- for, although the second series diminishes to a statisti- 
cal zero at approximatelj'' 60 grams weight, there is in most animals a recurrence 
of these later gasps to a lesser degree from about 90 grams to 500 grams (oldest 
animal used) . That the late series is anaerobic is evidenced partlj’’ from the fact 
that survival is roughl}’- inversel}'' proportional to age agreeing therefore vith the 
anaerobic findings in the newborn (4, 5, 6), and partly from the use of substances 
preventing oxidative and non-oxidative reactions (2, 7, 8). 

The purpose of this investigation was to determine the effects of gl 3 '-cotropic 
substances on sur^dval time of the decapitated rat head as measured by gasping. 
Since the source of this energj', both central and peripheral, is undoubtedl}^ 
gtycolytic (6, 8, 9, 10) empirical^ then glj’^cogenic substances (insulin) should 
cause decrease in surwml time b}'^ the resulting hypogl 3 ’'cemia, and glj’-cogeno- 
lytic substances (adrenaline, ephedrine) and substances causing glj'coneogenesis 
(pituitary factors) should prolong survival time due to the resulting h 3 "per- 
gtycemia. Since the degree of anition should also influence duration of survival, 
especiall 3 >- after the application of the gl 3 'cotropic substances, both starved and 
unstarved rats were used. . In all cases of starvation rats were deprived of food 
for a period of 22 hours but were supplied with water ad libitum. Male rats 
onty of the Wistar strain were used and these of approximately 21 da 3 ’’s of age 
(average weight of 45 grams), this age being chosen because of similar survival 
times of different control animals in this age group. Heads were amputated In' 
single edge razor blades held verticaU 3 ' hi a blade holder. Ga.sps were recorded 
manualR on an electric luonograph tuniing at a uniform speed. Only gasps 
were recorded, muscular twitchings being ignored. Each drog was injected 

^ Aided by a grant from the Purdue RosearcliEoundation. 

153 



154 


W. A. HIESTAND, E. D. TSCHIRGI AKD H. K. IMILLBR 


intraperitoneally and a certain time aUowedfor assimilation and pharmacological 
action. Drugs used, dosage, and lapse of time after injection were as follows: 


Drug 

Adrenaline HCl . . . . 

Insulin 

lodoacetic acid 

Anterior pituitary. 
Posterior pituitary 
Ephedrine HCl 


Dosage 

Time lapse 

(mgm.) 

(min.) 

0.045 

10 

1.2 (units) 

30 

2.0 

15 

2.5 

15 

2.5 

15 

5.0 

/ 10 


In the non-premedicated animal there are usually two series of gasps but follow- 
ing adrenaline injection a third series differentiates (see table 1 and fig. 1) which 


TABLE 1 


Showing average total survival time, average duration and ninnber of gasps, and per cent 

change from normal survival time 



! 

KUiTBEEj 

OF 

A^•nIAts 

TOTAL 

SUR- 

VIVAL 

TlilE 

EARLY SERIES 

IKTERIIED. 

SERIES 

late series 

, PER 
CEKX 
CHAKGE 
FROil 
NORMAL 

Dura- 

tion 

Isumbcr 

of 

gasps 

Dura- 

tion 

Xumber 

of 

gasps 

Dura- 

tion 

Kumber 

of 

gasps 



seconds 

seconds 







Normals (N) 

24 

28.8 

5.6 

5.3 



4.0 

1.7 


Normals (S) 

24 

26.3 

5.9 

7.5 



2.9 

1.9 


Adrenaline (N) 

11 

43.9 

7.8 

7.2 

4.6 

2.3 

5.2 

3.7 

-f53 

Adrenaline (S) 

12 

31.5 

8.5 

8.4 

1.9 

1.7 

2.5 

1.7 1 

-t-20 

Insulin (N) 

10 

22.1 

8.1 

7.8 



2.1 

■D 

-23 

Insulin (S) 

11 

11.2 

7.9 

6.8 




m 

—57 

lodoacetic (N) 

10 

17.8 

3.8 

4.0 



2.3 


-38 

lodoacetic (S) 

S 

11.3 

7.4 

5.9 




[ 

-57 

.Ant. pituitary (N) 

12 

51.2 

5.2 

5.2 



25.0 

6.8 

+77 

Ant. pituitarj' (S) 

12 

38.1 

2.9 

2.4 



10.5 

3.6 

+45 

Post, pituitary (N) 

18 

44.0 

0.9 

3.6 



18.5 


+54 

Post, pituitary’' (S) 

18 

39.6 

6.6 

5.7 



4.1 


+3/ 

Ephedrine (N) 

12 

1 21.8 

12.6 

1 11.6 



0.5 

0.5 

-24 

Ephedrine (S) 

12 

in 

9.7 

9.8 



IH 

0.5 

-33 


(N) denotes non-starved animals; fS) denotes those starved 22 hours. 


appears to be intermediate to the first and last series. With no other drug 
used in this investigation did we obtain three series of gasps although possibij’' 
other sympathomimetics produce the same effect. Since adrenaline causes 
hj'perglycemia the extra series of gasps is likely due to glycobriic activity and 
may well be anaerobic. One might even assume that all gasps of the ischemic 
head are anaerobic since circulator 5 ' stasis occurs instantty and a few seconds 
elapse during the apneic pause before the first gasp appears. 

The results are summarized in table 1, and shovai graphicallj^ in figure 1, the 
latter showing 1, average surtyval time; 2, average duration of gasping, and 3, 
spatial distribution of gasping periods. It will be noted that adrenaline greatl}' 
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prolonged the total survival time especially in the non-starved animals, also 
causing the additional period of gasping. The phj'siologj' of this phenomenon 
appears mysterious but undoubtedly a different enzj’^me system is involved. In- 
sulin markedly reduced the total survival time, especiallj' in the starved animals, 
the great difference here being due to the total absence of the delaj'ed period of 
gasps . If one assumes that the dela3'ed gasps are anaerobic it is here quite e\’ident 
that the anaerobic energy is from gtycotysis. lodoacetic acid produces effects 
similar to those of insulin in that the dela5’-ed series of gasps is absent in fasted 
rats. Being an enzjrme inhibitor in the anaerobic cleavage of glucose iodoacetic 
acid further strengthens the evidence for the anaerobic nature of the dela3’’ed 
gasps. 

Because it is generally acknowledged that pituitary extracts cause a transient 
rise in blood sugar, anterior and posterior pituitar3’- gland aqueous extracts were 
injected, resulting in definite prolongation of survival time as well as an increase 



Fig. 1 Showing average total survival time, average duration and relative position of 
gasping periods. Shaded areas are periods of gasping, clear areas are periods of apnea. 
S, starved 22 hours; N, non-starved. 

in the dm’ation of gasping. The striking similarit3' in the late series of gasps 
shown by careful study of the k3Tnographic tracings of the effects of the anterior 
and posterior lobe extracts strongl3* suggests a similar identit3’- of the two sub- 
stances involved. There are, however, two possibilities of explanation; either 
1, the dried gland products as prepared b3'’ the phai’amaceutical suppfy compan3' 
contain impurities such that possibl3’' the anterior lobe diabetogenic principle is 
contained in’ each product, or 2, that a separate gb'cotropic principle, per se, 
exists in the posterior lobe wliich is separate from the diabetogenic factor of the 
anterior lobe. In aU of the pituitary treated animals the final period of gasping 
is marked b3’- longer than normal periods between successive gasps thereby caus- 
ing a marked increase in the total length of this period although the total number 
of gasps ma3' not be correspondingl3' greater. 

Ephedrine, known to potentiate the action of adrenaline b3' destruction of the 
amine oxidase S3’stem was suspected to have some effect on gb'cemia and sur- 



156 


W. A. HIESTAKD, R. D. TSCHIRGI AND H. R. MILLER 


vival time. As the data show it greatlj’’ increased the initial period of gasping 
(approximately 70 per cent) but .shortened the total sur^dval time (24 per cent). 
In other words the additional energy was quickl}’- consumed and little was left 
for the delayed period. Because ephedrine also is a medullar}^ excitant it might 
be argued that the increased gasping could at least be partiallj’’ accounted for bj’ 
a hyper-sensitive medullarj^ respiratory center. 

Conditions affecting survival of the decapitated head and those encountered 
in the anoxia of decompression (high altitudes) are not necessarily identical. We 
have found this true (unpublished data) in respect to adrenaline, exclusive carrot 
diet, water starvation, inanition, etc. It has been stated (11) that certain 
cholinergic and sympathicoljdic agents increase, while adrenergic and parasjTu- 
pathicoljdic agents decrease resistance to anoxia resulting from barometric de- 
compression. Others (12) have reported that ephedrine and similar sjmthetic 
related compounds delay respirator}’’ failure in animals exposed to sudden anoxia. 

The occurrence of definite gasping periods separated by apneic pauses might 
well be explained by the existence of different levels of integration of the centers. 
The primitive center being the most rugged should persist the longest in anoxia 
and, therefore, the final series of gasps probably represents activitj' of this center 
alone. Evidence for this is shown by two facts: 1, the slow rhj’thmic discharge 
of the final series of gasps, and 2, their definite apneustic character. Thus 
probably the earlier series of gasps being of a more rapid nature and less apneustic 
represents the superimposed regulation of the higher centers. Because the 
higher centers are most susceptible to anoxic degradation they should be ex- 
pected to fail first and the subsequent and final rhj’thm would be that of the 
lowest (apneustic) center. Section of the head from the body instantl}’ severs 
any vagal connections with the respirator}’ center thereby eliminating any reflex 
influence from the lungs. 


CONCLUSIONS 

Glycotropic substances affecting suiwival time, duration and number of gasps 
of the decapitated rat head are adrenaline, insulin, iodoacetic acid, anterior and 
posterior pituitar}’ extracts, and ephedrine. Staiwation modifies the results of 
these substances as less glucose becomes available. An additional seiies of gasps 
appears after adrenaline injection. The delayed period of gasps is entirely 
abolished in starved animals treated with insulin or iodoacetic acid indicating 
the anaerobic nature of this series of gasps. Aqueous extracts of anterior or 
posterior pituitar}- gland greo.tly prolong the survival time showing effects 
qualitatively similar. Survival time is increased by adrenaline, anterior or 
posterior pituitaiy, but shortened by ephedrine, insulin, and iodoacetic acid. 

Addendum. After this investigation was completed a paper appeared by 
Selle (13) in which it was sho^^'n that insulin and glucose have practically the 
reverse effects. Glucose given to animals under the influence of large doses of 
insulin restores the gasping pattern to nearly normal within 60 minutes. Selle’s 
findings, therefore, are in agreement with ouis regarding glycotropic influences. 
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The observations of Dale and his associates (Dale and Laidlaw, 1910) on the 
profoundly hypotensive effect of intravenously injected histamine in cats and 
dogs have been of especial interest to clinicians and physiologists because of the 
suggested role of histamine or related substances in the etiology of traumatic 
shock. Histamine poisoning has been studied extensively ^Hth relation to both 
the mechanism and therapy of shock (Dale, Laidlaw and Richards, 1919; Best 
and Solandt, 1940) although several workers have shown that certain of the cir- 
culatory changes in the two conditions are not comparable (Blalock and Levy, 
1937; and others). Many of the studies on histamine shock have been carried 
out upon anesthetized animals. It is known, however, that anesthetics may in- 
fluence markedly the effects of histamine (Dale and Laidlaw, 1918-19; Dale, 
1920). This investigation was undertaken to study some of the changes pro- 
duced by histamine in dogs without the use of anesthesia. The results were 
compared with data obtained in this laboratory on traumatic shock in unanes- 
thetized dogs (Gregersen and Root, unpublished experiments). 

Methods. Experiments were carried out on adult mongi-el dogs ranging in 
size from 6.0 to 13.9 kgm. Studies on the circulatory effects of histamine in 
eighteen normal dogs were supplemented with nine experiments on splenecto- 
mized dogs. Splenectomies were perfonned aseptically upon animals anes- 
thetized with nembutal. Histamine was injected from two da^’^s to more than a 
year after splenectomy. In addition, six dogs anesthetized vdth ether were sub- 
jected to histamine shock. Ether was administered continuously for two hours 
before the injection of histamine. 

Histanaine diphosphate was injected subcutaneously® in the thigh. Histamine 
dosages were of the order of 10 mgm. of histamine base per kgm. (7.2 to 11.5 
mgm. per kgm.) except in the experiments on splenectomized dogs in which 

1 This work was done partly under a grant from the Josiah IMacy, Jr. Foundation, and 
partly under a contract, recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and the College of Physicians and Surgeons 
Columbia University. 

- Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, in the Factdtj’ of Pure Science, Columbia University. 

* Preliminary experiments showed that it was not practical to administer large doses of 
histamine intr.avenously to unanesthetized dogs because of the variability of the symptoms 
produced, and consequent difficulty of predicting an adequate but not excessive shock dose. 
A similar difficulty has been noted by other investigators (Smith, 1928; Neuwelt, Levinson 
and Nechelcs, 1941). 
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about 3 mgm. per kgm. (2.6 to 4.7 mgm. per kgm.) was injected. Solutions of 
histamine diphosphate in 0.9 per cent NaCl were made up fresh for each experi- 
ment, with the volume of solution usually 10 cc. The concentrations of liis- 
tamine ranged between 2 and 14 mgm. liistamine base per cubic centimeter, but 
no coiTelation was found between the concentration of histamine injected and 
the symptoms produced. 

The femoral vein and azteiy were exposed under local procaine (2 per cent) 
anesthesia for blood sampling and injections. After a control period of 1| or 
more hours, histamine was injected and the animal observed during the following 
2 to 7-2- hours. Mean arterial pressure measurements with a mercury manom- 
eter were made by direct puncture of the femoral artery. The heart rate was 
counted vith a stethoscope. Rectal temperatures were also taken. In some 
experiments, venous pressures were measured Avith a saline manometer in the 
femoral vein; apparent central A^enous pressure measurements AA'^ere obtained 
AAith a catheter passed thi-ough the left external jugular A’-ein into the atrium. 

Plasma volume measurements were made AAith the dye dilution method, using 
the d3’'e T-1824 and the technique described by Gregersen and Stewart (1939). 
In most of the experiments the dye Avas injected into the femoral vein. Arterial 
samples were obtained for determination of the semm d^’^e concentration Avith a 
Koenig-Martens Adsual spectrophotometer. All A’-alues of plasma Amlume were 
calculated from semilog plots (Gregersen and RaAA'Son, 1943). The protein 
concentration of each sample was determined refractometrically (Neuhausen and 
Rioch, 1923) AAith an Abbe refractometer. '\^^len, during the course of a dj’-e 
curA'e the protein concentration A’aried by more than 0.2 gram per cent from the 
control A’^alue, dye concentrations AA'ere corrected AAith reference to the control 
protein concentration. The precision measure of the plasma Amlume deter- 
mination AA'as estimated to be ±3 per cent. 

In tAA^o experiments, the serum protein concentrations determined refracto- 
metrically were compared AA’ith those obtained usiog the Kjeldahl method. 

The hematocrit A^alues AA'ere measured hy centrifuging heparinized arterial 
blood samples in Wintrobe tubes for 30 minutes at 3000 r.p.m. (radius 13 cm.). 
Hemoglobin concentrations were measured spectrophotometricallj' (Drabkin 
and Austin, 1932) in fiA^e experiments on three splenectomized dogs. 

Blood and red cell A’olumes were calculated from the relations: 


Blood Volume = 


Plasma Amlume X 100 
100 — 0.96 X Hematocrit 


Cell Volume = Blood Volume — Plasma Volume 


The factor 0.96 was used to coirect the hematocrit A'alues for the amount of 
plasma trapped among the red cells on centrifuging (Gregersen and Schiro, 
1938). No attempt Avas made to correct for the possible differential distribution 
of red cells betAxeen the large and small blood A'essels (Fahraeus, 1929). Under 
the conditions of this series of experiments, the precision measure of the calculated 
changes in blood and red cell A'olumes AA'as of the order of =10 ]ier cent. 
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Results. Symptoms of poisoning appeared in less than five minutes after 
histamine injection. The arterial pressure fell precipitously, the heart rate 
increased, and respiration was depressed. Lacrimation, salivation, temporaiy 
pupillaiy dilatation and protrusion of the nictitating membrane were frequentlj’^ 
noted. In the unanesthetized dogs, defecation occun’ed and continued inter- 
mittently throughout the course of the experiment, l^omiting was rarely seen 
in the first half-hour after the injection, but often occurred one or two hours later. 

The skin and mucous membranes of the unanesthetized animals were usually 
pale and cyanotic for one-half to two hours after the injection. Gradually the 
skin and mucous membranes became flushed and hot and the eyes became mark- 
edly bloodshot. In two of the three animals showing early flushing, the blood 
pressure was rmusually high. This was also true of the etherized dogs, in which 
early flushing was noted more frequently. The rectal temperature change was 
variable (—2.7° to 1.4°C.) in the unanesthetized dogs; the temperature usually 
fell after histamine in the dogs under ether anesthesia. 

The appearance of the unanesthetized animals injected with histamine was 
characteristic. Instead of showing the apathj* of traumatic shock, these animals 
usually were alert and responsive to external stimuli. Although the arterial 
pressure was gi'eatly reduced, the dogs were capable of considerable activity. 
Four animals removed from the board when their arterial pressures were be- 
tween 30 and 50 mm. Hg were found to be able to stand and walk. They showed 
interest in their surroundings, and drank when offered water. Thirst was a 
characteristic sjnnptom of histamine poisoning. 

Of the eighteen normal dogs injected with histamine, six died in thi’ee to 
twenty-four hours. All of the splenectomized dogs survived the smaller Ifis- 
amine doses administered. Four of the etherized dogs died in four to six hours. 

Changes in mean arterial 'pressure. The changes in arterial pressure after 
histamine are shown in figure 1. The blood pressure began to decrease 1 to 2 
minutes after the injection, reaching a minimum in 5 to 20 minutes. In the 
normal unanesthetized dogs the lowest pressures reached were 25 to 44 mm. Hg. 
Usually the pressure remained about 35 mm. Hg for more than half an hour. 
In the animals which suiwived, the pressure gradually increased toward the con- 
trol value in the following 5 to 6 hours. The same trend was seen in the splenecto- 
mized dogs except that the pres.sui-e often fell to a lower value and rose less 
rapidly. The minimxim pressures ranged between 17 and 57 mm. Hg. Some 
of the dogs maintained a pressure under 35 mm. Hg for more than 2 hours. 
Since the splenectomized dogs received histamine dosages of the order to 3 mgra. 
per kgm., or one-half to one-third the amount given to normal dogs, this would 
indicate that the splenectomized dogs were less re.sistant to the hypotensive 
effects of histamine than were noimal animals. Blood pressure in a normal dog 
recemng 3 mgm. per kgm. fell from a control level of 100 to 68 mm. Hg. Witliin 
two hours the blood pre.«surc had ri.sen to 86. 

The fall in blood pressure in the etherized dogs was less severe than in most of 
the unanesthetized animals. The minimum pre.s.sures noted were 45 to 60 mm. 
Hg, and the pressures remained close to or above 50 during the first hour. In 
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one experiment the pressure rose from a minimum of 60 and was maintained for 
about an hour at 70 to 80 ,mm. Hg, During the second and third hours after 
histamine injection the pressure fell, but was still above 50 in four of the six 
experiments. The two animals wliich survived longest had blood pressures 
above 40 mm. Hg five to six hours after histamine. In a control experiment in 
wliich ether was administered for 7^ hours vdthout the injection of histamine 
the blood.pressure varied onlj’- slightly about 110 mm. Hg. 
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Fig. 1. Showing changes in heart rate and blood pressure after subcutaneous histamine 
injection in 18 experiments on normal dogs, 9 experiments on splenectomized dogs, and 6 
experiments on etherized dogs. 

The average values are indicated by circles, and the range of blood pressures and heart 
rates observed is shown by the height of the columns. 


Changes in heart rate, cardiac output and venous pressure. An immediate effect 
of the liistamine injection in unanesthetized dogs (normal and splenectomized) 
was a sudden increase in heart rate (fig. 1). The heart rate then became ir- 
regular, fell from its initial peak and subsequentlj’’ rose steadilj^ towards 200 beats 
per minute during the 4 to 5 hours succeeding the injection. Usually the rate 
did not exceed 212 beats per minute, but in some experiments rates as high as 
257 to 268 were recorded. 

After histamine injection, the heart beat became weak or even inaudible, as 
well as more rapid. In a series of seven experiments in collaboration with Doctors 
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Gregersen, Root and Walcott, cardiac output determinations (Fick method) 
•^vere made, and the results may be cited brieflj'^. The cardiac output "was greatly 
reduced in the first half-hour after histamine, falling to 8 to 40 per cent of the 
control value. It usually increased somewhat during the next 2 to 4 hours, but 
as the heart rate rose progressively the stroke volume did not increase so much as 
the minute output. In general, changes in cardiac output seemed to be roughly 
correlated with both the mean arterial pressure and the clinical condition of the 
animal. 

The dogs under ether anesthesia had initially elevated heart rates of 140 to 
204 beats per minute. Usually after a slight rise immediately following the in- 
iection, the heart rate fell off during the next 30 to 60 minutes and later rose 
gradually. The heart rates were thus of the same order as the rates in the un- 
anesthetized dogs, although they had been higher before histamine injection. 
In contrast to the finding after histamine in unanesthetized dogs, the sound of 
the beat was usually fanly strong throughout the early post-Mstamine period. 

During the first hour after histamine injection the central venous pressure fell 
in 7 normal unanesthetized dogs by 13 to 40 mm. saline, and more markedly (by 
more than 80 mm. saline) in 2 etherized dogs. Subsequently the central venous 
pressure fell fm^ther or rose only slightly, so that at the end of the experiment it 
was 10 to 40 mm. saline below the control level. 

In 5 unanesthetized or etherized dogs, the femoral venous pressui'e varied in- 
constantly about the control value, falling shortly after the injection by 9 to 35 
mm. saline in four, and rising 8 mm. in one. As the blood pressure rose, femoral 
venous pressure also tended to rise towards or above the control level. In many 
of the experiments the femoral veins appeared well filled, so that blood could be 
withdrawn from them without difficulty. 

Changes in plasma volume and serum protein concentration. Histamine, in- 
jected during the later part of the control T-1824 time-concentration curves, 
produced vaiying changes in the curves. Frequently the slopes of the curves 
increased, but when corrections were made for simultaneous changes in serum 
protein concentrations, the curves often resumed their pre-histamine slopes. 
Reinjections of dye h hour or longer after histamine injection showed that, in 
general, the character of the dye cuiwes was not markedly altered by histamine 
(fig. 2). Although the apparent mixing time frequently increased and the rate 
of dye disappearance decreased after histamine injection, these differences be- 
tween pre- and post-histamine dye curs'es were not significant statistically. 

The measured changes in plasma Amlume are shown in table 1. During the 
first § to Ih hours after histamine, when the blood pressure was lowest, the 
plasma volume in about half the experiments on unanesthetized dogs was un- 
changed or increased. Later it decreased. It was reduced in all the etheifzed 
dogs. 

After histamine, the serum protein concentration showed a slight to marked 
decrease in 11 of the 18 nonnal dogs, in G of the 9 splenectomized dogs, and in 3 
of the G etherized dogs. Changes in calculated total circulating senim protein 
(serum protein concentration X plasma volume) are shown in table 2. In two 
experiments in which the serum protein concentrations were simultancouslj' deter- 
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mined by the refractometric and Kjeldahl methods, the serum protein concen- 
trations varied within ±3 to 4 per cent of the control level as determined by 
both methods. ^ 

Changes in hematocrit value, hemoglobin concentration and calculated red cell 
and blood volumes. The injection of histamine usually resulted in a marked rise 
in hematocrit value in the normal dogs. Frequently as the experiment proceeded, 
the hematocrit reading continued to rise slowly. The initial rise occurred rapidly 
(fig. 3), and was not accompanied by a corresponding decrease in plasma volume 
or increase in serum protein or dye concentration. This rise might be attributed 
to an increase m number of circulating cells resulting from contraction of the 

DOG 9 - NORMAL 

CONTROL 48 MINUTES AFTER 2 HOURS 19M1NUTES AFTER 



DOG 20 - SPLENECTOMIZED 

CONTROL PV.«408cc . 32 MINUTES PV -435 00 4 HOURS II MINUTES PV»372c< 



DOG 30 - ETHERIZED 


CONTROL PV.-448CC. 37 MINUTES PV -40700. 3 HOURS 57 MINUTES 



TIME IN MINUTES AFTER DYE INJECTION 

Fig. 2. Typical T-1824 time-concentration curves before and after histamine injection. 
Times after histamine injection, and calculated plasma volumes, are indicated. 


spleen, but it was found to be present, though less marked, in 5 dogs which had 
been splenectomized 20 daj^s to more than a year before histamine injection. 
An appreciable rise in hematocrit reading also occurred in half the etherized 
dogs. Change in the hematocrit value was shght in 3 normal and 3 etherized 
dogs, and in 4 dogs subjected to histamine injection 2 to 21 days after splen- 
ectomy. 

The measured rise in hematocrit value was not caused bj* sudden change in 
mean red cell volume since in 5 experiments on 3 splenectomized dogs the in- 
crease in hemoglobin concentration was usually equal to or greater than the rise 
in the hematocrit values. 
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TABLE 1 


Showing the effects of subcutaneous histamine injection on the plasma volume of dogs 


DOG 

KtJMBER 

BODY 

WEIGHT 

COKTEOE 

VOEHHE 

PLASMA 

i to IJ hours after 
histamine 

VOLUME 

2 to S hours after 
histamine 

COiQIENTS 

Volume 

Change 

Volume 

Change 


ksm. 

CC. 

1 ec. 

1 per cent ' 

cc. 



1 

8.77 

429 

522 




Normal 

2 

7.7 

552 

536 




Normal 

3 

12.22 

681 

755 




Normal 

4 

7.83 

456 

450 




Normal 

5 

7.62 

442 

398 

-10.0 



Normal 

6 

8.65 

434 

374 

-13.8 

416 

-4.3 

Normal 

7 

9.15 

696 

619 

-11.1 

524 ! 

-24.7 

Normal 

8 

7.88 

372 

455 

1 22.3 

! 


Normal 

9 

13.86 

766 

596 

;-22.2 

736 

-3.9 ' 

Normal 

10 > 

8.64 

466 

399 

-20.8 

344 

-26.2 

Normal 

11 

7.10 

419 

441 

5.2 



Normal 

12 

6.50 

390 

456 

16.9 

343 

-12.0 

Normal 

13 

7.45 

j 370 

403 

8.9 ■ 



Normal 

14 

12.51 

528 

648 

22.7 

514 i 

-2.6 

Normal 

15 

10.45 

608 

605 

-0.5 

507 ! 

-16.6 

Normal 

16 

9.74 

466 


1 

559 ' 

-20.0 

N ormal 

17 

9.15 

420 

455 

8.3 



Normal 

18 

6.49 

354 

328 

-7.3 

1 

1 


Normal 

Averages 

1.6 

j 

-13.8 


19 

10.22 

536 

540 

0.7 



Splenect. — 1 year* - 

20 

7.36 

408 

435 

6.6 

372 

-8.8 

Splenect. — 1 year* 

21 

7.25 ! 

496 

529 

6.6 

492 

-0.8 

Splenect. — 20 days* 

21 

, 7.07 ' 

490 ' 

460 

-6.1 

412 

-15.9 

Splenect. — 31 days* 

22 

8.39 

510 

512 

-0.4 



Splenect. — 21 days* 

22 

9.04 

485 

517 

6.6 



Splenect. — ^72 days* 

23 

8.89 : 

715 

755 

5.6 

740 

3.5 

Splenect. — 5 days* 

24 

8.95 

450 

400 

-11.1 



Splenect. — 2 days* ‘ 

25 

9.71 

484 



401 

-17.2 

Splenect. — 3 days* 

Averages 

1 

IB 


-7.8 


26 

9.13 

417t 

400 

1 

-4.1 1 



Etherized 

27 

8.2 

396t 

318 

-19.7 i 



Etherized 

28 

10.92 

6S8t 

530 

-23.0 


1 

Etherized 

29 

9.46 

455t 

374 1 

-17.8 

394 

-13.4 j 

Etherized 

- 30 

7.2 

448t 

407 1 

-9.2 

316 

-29.5 1 

Etherized 

31 

11.47 

509t 

481 

—5.5 

432 

,-15.1 i 

Etherized 

Averages 

-13.2 ! 

1 

j -19.3 



* Time between splenectomy and experiment, 
f PLasma volume determined after one hour of anesthesia. 
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TABLE '2 

Showing the effect of subcutaneous histamine injection on calculated total circulating 'protein 
(plasma volume X serum protein concentration) of dogs 


DOG 

NXJMDER 

CONTROL 

AilOUNT 

TOTAL CTRCDL.' 

} to li hours after 
histamine 

^.TIKG PKOXEIN 

■ 2 to 5 hours after 
histamine 

COiHIENTS 

Amount 

Change 

Amount 

Change 



gm. 

per cent 

gm. 

per cent 


1 

24.7 

27.7 

12.1 



Normal 

2 

30.4 

27.3 

-10.2 



Normal 

3 

34.7 

35.5 

2.3 



Normal 

4 

21.4 

21.2 

-0.9 



Normal 

5 

28.1 

21.5 

-23.5 



Normal 

6 

26.5 

24.0 

-9.4 

30.2 

14.0 

Normal 

7 

36.5 

32.2 

-11.8 

29.1 

-20.3 

Normal 

8 

20.3 

22.1 • 

8.8 



Normal 

9 

44.8 

41.4 

-7.6 

43.0 

-4.0 

Normal 

10 

25.2 i 

21.3 

-15.4 

18.9 

-25.0 

Normal 

11 

22.0 : 

20.9 

-5.0 



Normal 

12 

20.9 

19.8 

—5.3 

16.5 

-21.0 

Normal 

13 

19.6 

19.9 

—1.5 



Normal 

14 

30.9 

34.7 

12.3 

21.5 

-11.0 

Normal 

15 i 

35.0 i 

32.4 1 

—7.4 

27.1 

-22.6 i 

Normal 

16 

24.7 



32.2 

30.3 

Normal 

17 

25.0 

24.6 

-1.6 



Normal 

18 

17.9 

16.4 

-8.4 

i 


Normal 

Averages 

-4.3 


-7.4 


19 

40.8 

39.8 

-2.0 



Splenectomized 

20 

23.7 ! 

23.8 

0.4 

23.2 

-2.1 

Splenectomized 

21 

27.0 

28.3 

4.8 

27.6 

2.2 

Splenectomized 

21 

29.2 

27.0 

“ 7.0 

26.2 

-10.3 

Splenectomized 

22 

30.4 

28.5 

-6.2 



Splenectomized 

22 

27.9 

26.9 

-3.6 



Splenectomized 

. 23 

28.4 

27.0 

'-4.9 

27.3 

i -3.9 

Splenectomized 

24 

24.5 i 

21.6 

-11.8 

' 

i 

Splenectomized 

25 

31.0 



28.0 

-9.7 

1 

Splenectomized 

Averages 

-3.8 


-4.8 


26 

30.7* 

29.5 

-3.9 



Etherized 

27 

25.0* 

IS. 8 

-24.8 



Etherized 

28 

37.5* 

30.0 

-20.0 



Etherized 

29 

26.7* 

21.9 

-18.0 

23.6 

-11.6 

Etherized 

.30 

29.2* 

26.3 

-9.9 

21.7 

-25.6 

Etherized 

31 

32.4* 

30.9 

-4.6 

j 

27.0 

-16.7 

Etherized 

Averages 

-13.0 


-18.0 



* Total protein determined one hour after induction of anesthesia. 
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Calculated changes in total' circulating blood and red cell-volumes are shomi in 
tables 3 and 4. 

The necropsy findings in unanesthetized and anesthetized dogs .were similar. 
The abdominal and pelvie \dscera appeared much congested and the thoracic and 
abdominal cavities were moist and occasionally contained free fluid. The 
spleen was moderately contracted. Hemorrhages in the left ventricular myo- 
cardium were seen frequently, and were particularly severe in the etherized dogs. 
In the gastro-intestinal tract, hemorrhages were found most often in the colon, 



Fig. 3. Showing characteristic changes in hematocrit readings following histamine in- 
jection. Plasma volume measurements before and after histamine injection are indicated. 

but also occasionally in the stomach, duodenum, pancreas and serosa of the gall 
bladder. Rarelj'’ the adrenal glands, mesenteric lymph nodes and lun^ were 
hemorrhagic. The thoracic duct was filled with bloody, dye-stained lymph. 

The stomach often contained large amounts (100 to 200 ce.) of fluid, the amount 
probably depending in part on the frequency with which vomiting had occurred. 
Usually the bladder was contracted and empty — a finding which is of interest 
since, in conjunction with the fact that urination rarely occurred during the 
course of the experiment, it indicates that urine formation had been suspended 
during the histamine hypotension. 
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TABLE 3 


Shoroing the effect of histamine injection on the calculated total circulating blood 

volume of dogs 


DOG 

KT7MBER 

CO^sTROD 

VOLITMi: 

TOXAI. CIRCULATC 

I i to 1} hours after 
histamine 

7G BLOOD VOLDME 

2 to 5 hours after 
histamine 

1 

COMMENTS 






CC, 

cc. 

per cciii 

cc. 

per cent 


1 

867 

1152 

32.8 



Xormal 

2 

922 

927 

0.5 



Normal 

3 

1097 

1327 

21.0 



Normal 

4 

779 

902 

15.8 



Normal 

5 

801 

843 

5.2 



Normal 

6 

805 1 

947 

17.6 

1053 

30 .'8 

Normal 

7 

1210 

1274 

5.3 

1245 

2.9 

Normal 

8 

684 

930 

36.0 



Normal 

9 ' 

1350 

1290 

-4.4 

1496 

10.8 I 

Normal 

10 

888 

' 891 

0.3 

796 

-10.4 

Normal 

11 

639 

704 

10.2 



Normal 

12 

722 

884 

22.4 

728 

■ 0.8 

Normal 

13 

705 

890 

26.2 



Normal 

14 

1086 

1565 

44.1 

1342 

23.6 

Normal « 

15 

1156 

1137 

-1.6 

1054 

-8.8 

Normal 

16 

820 



1150 

40.2 

Normal 

17 

743 

858 

15.5 



Normal 

18 1 

1 

557 i 

578 

3.8 

i 

t 

Normal 

Averages 

14.7 

i 

11.2 


25 

866 



750 

-13.4 

Less than 22 days after splenectomy 

24 

704 

643 

-8.7 



Less than 22 days after splenectomy 

23 

936 

968 

3.4 I 

956 

.2-1 

Less than 22 days after splenectomy 

22 

879 

886 

0.8 



Less than 22 days after splenectomy 

21 

780 

879 

12.7 

811 

4.0 

Less than 22 days after splenectomy 

22 

892 

983 

10.2 



jMore than 22 days after splenectomy 

21 

763 

759 

-0.5 

680 

-10.9 

More than 22 days after splenectomy 

20 

780 

902 

15.6 

816 

4.6 

More than 22 days after splenectomy 

19 

976 

1055 

8.1 



jNIore than 22 days after splenectomy 

26 

846* 

934 




Etherized’ 

27 

878* 

862 

-1.8 



Etherized 

28 

1373* 

1130 

-17.7 



Etherized 

29 

981* 

813 

-17.1 

842 

-14.2 

Etherized 

30 

' 750* 

741 

-1.2 

620 

-17.3 

Etherized 

31 

1052* 1 

1108 

‘ 5.3 

909 

-13.6 

Etherized 

AAmrages 

-3.7 

• 

-15.0 



* Blood volume determined after one hour of anesthesia. 
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TABLE 4 


Showing the effect of histamine injection on the calculated total circulating red cell 

volume of dogs 


DOG 

NlTilBER 

i 

CONTROL 

VOLinXE 

TOTAL CIRCULATING 

i to hours after 
histamine 

i RED CELL VOLUME 

2 to 5 hours after 
histamine 

COMMENTS 

Volume 

Change 




CC, 

cc. 


CC, 

Per cent 


1 

438 

630 




Xormal 

2 

370 

391 




Normal 

3 

416 

572 

37.5 



Normal 

- 4 

323 

452 

40.0 



Normal 

5 

359 

445 

24.0 



Normal 

6 

371 

573 i 

54.4 

637 

71.7 

Normal 

7 

514 

655 

27.4 

721 ; 

40.3 

Normal 

8 

312 

475 

52.2 

1 


Normal 

9 

584 

594 

1.7 

760 

30.2 

Normal 

10 

422 

522 

23.7 

452 

7.1 

Normal 

11 

220 

263 

19.5 



Normal 

12 

332 

428 

28.9 

385 

16.0 

Normal 

13 

335 

487 

45.4 



Normal 

14 

558 

917 

64.3 

828 

48.4 

Normal 

15 

548 

532 


547 

0.2 

Normal * 

16 

354 



591 

66.0 

Normal 

17 

323 

403 

24.8 



Normal 

18 

203 

250 

23.2 

1 



Normal 

Averages 

30.2 


35,0 


i 

25 

382 



1 

349 

! -8.6 

Less than 22 days after splenectomj' 

24 

254 

243 

-4.3 



Less than 22 days after splenectomy 

23 

221 

213 

-4.1 

216 

-2.3 

Less than 22 days after splenectomy 

22 

369 

376 

1,9 



Less than 22 days after splenectomj' 

21 

284 

350 

23.8 

319 

12.3 

Less than 22 days after splenectomy 

22 

407 

406 

14.5 



iMore than 22 days after splenectomy 

21 

273 

299 

9.5 

268 

-l.S 

jMore than 22 days after splenectomj' 

20 

372 

467 

25 . 5 

444 

19.4 

More than 22 days after splenectomy 

19 

440 

515 




More than 22 days after splenectomy 

26 

429‘ 

534 

24.5 



Etherized 

27 

482* ; 

544 

18.9 



Etherized 

28 

685* i 

GOO 

-12,4 



Etherized 

29 

526* 

4.39 

-16,5 

448 

-14.8 

Etherized 

30 

302* 

334 

i 10,6 

304 

0.7 

Etherized 

31 

543* 

027 

j 15,5 

477 

-12.2 

Etherized 

Averages. ; 

1 

1 5,8 


-8.8 



* Red cell %’olmne determined after one hour of anesthesia. 




























CIRCULATORY CHANGES FOLLO'^YNG HISTAMINE SUBCUTANEOUSLY 169 


In general, the organs of the unanesthetized dogs were not grossly stained 
ndth T-1824. In one instance, the gastro-intestinal tract appeared to be diffusely 
stained, and this was a constant finding in the etherized dogs. Staining of the 
arch of the aorta and the A.V. and semilunar valves of the heart was nearly 
always observed. Less frequently the adrenals and mesenteric lymph nodes 
were stained with T-1824 in both the normal and etherized dogs. Dye was never 
found at the site of the subcutaneous injection of histamine. 

Discussion. A characteristic state of profound cii-culatory disturbance was 
produced rapidly by subcutaneous histamine injection. The survival time of 
the normal dogs was longer than the smvival time of the etherized animals. 
Yet the fall in mean arterial pressure resulting from equal amounts of histamine 
was less severe in the dogs under ether anesthesia. This finding was unexpected 
in view of the reported decrease in resistance of etherized dogs and cats to 
intravenously injected histamine (Dale and Laidlaw, 1918-19), Favorable 
chculatoiy changes produced b}^ ether anesthesia (e.g., elevation of the cardiac 
output. Blalock, 1927) may perhaps act initially to antagonize the hypotensive 
effects of histamine. 

The maintenance of mean arterial pressure at normal levels depends on mutual 
adjustment between the peripheral resistance and cardiac output. Various in- 
vestigators have attributed the lyqiotensive action of histamine in dogs and cats 
to changes in both of these factors. In dogs, histamine has been shown to 
dilate arterioles (Bum and Dale, 1926). This would tend to reduce peripheral 
resistance even if arterial constriction occurred simultaneously (Burn and Dale; 
and others), since it is recognized that variations in peripheral resistance are 
largely determined by the cahber of the arterioles. Cardiac output maj’’ be 
decreased by a speci6c depressant action of histamine on the heart (Buhl, 1929; 
Dixon and Hoyle, 1930) ; or by marked reduction in venous return caused by 
general vasodilatation (Dale and Laidlaw, 1910), decrease of circulating blood 
volume (Dale and Laidlaw, 1918-19; Smith, 1928; Eppinger and Schurmeyer, 
1928; and others), or by damming back of blood in the portal-hepatic system 
as the result of constriction of the hepatic veins (Mautner and Pick, 1922). It 
is possible that under certain conditions a combination of these changes may act 
together to cause the S 3 Tnptoms resulting from lustamine injection. In the 
present series of experiments, the rapidity and profoundness of the fall in mean 
ai'terial pressure to a level which was often below the estimated upper limits of 
normal capfilaiy pressure (30-35 mm. Hg) suggests arteriolar dilatation. Total 
peripheral resistance, calculated from the ratio of mean pressure to cardiac out- 
put, increased in most of the 7 experiments in which it was measured. Yet this 
cannot be taken as conclusive evidence against arteriolar dilatation. The effect 
of arteriolar dilatation on calculated total peripheral resistance might be masked 
bj' simultaneous changes acting in the opposite direction, such as increase in 
blood \dscosity resulting from rise in red cell concentration. Constriction of the 
hepatic veins would probabh' act in the same way, but no evidence was obtained 
as to whether this occurred. Heart damage probably was not the primary cause 
of the InqiGtension. With other factors unchanged, myocardial weakening 
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sufficient to cause the observed fall in blood pressure should be accompanied by 
a marked rise in venous pressure. Yet apparent central venous pressure fell 
after subcutaneous histamine injection. Vasodilatation, vrhich may have in- 
volved all the smaller blood vessels at least in the later stage of shock, rvas indi- 
cated by congestion of the viscera and fluslring. IMarked reduction in blood 
volume was not present. 

The obsen’ation that the plasma volume was increased or only moderately 
reduced early in histamine shock is not in agreement with the usual jBnding of 
marked reduction in plasma volume after intravenous histamine injection 
(Smith, 1928; Butler, Beard and Blalock, 1931; and others). On the other 
hand, Hueper and Ichniowski (1943) noted little change, and often reduction, in 
hematocrit measurements in dogs under nembutal anesthesia injected subcut- 
aneously vith histamine suspended in an oil-lanolin medium.^ They inferred 
that hemodilution had occurred. 

The change in plasma volume might be attributed to one or a combination 
of histamine effects. The stimulation of gastro-intestinal secretion would tend 
to reduce plasma volume. Probably more important are changes in the con- 
ditions regulating capillary fluid exchange, a. Depending on the degree of arte- 
riolar dilatation, the profound fall in mean arterial pressure must be reflected 
by a fall in capillary pressure. If other factors remained constant, reduction in 
average capillary pressure would favor absorption of fluid and increase in 
plasma volume, h. It has been suggested that histamine acts directly on the 
capillary endothelium to increase its permeability to large molecules (Dale, 
1920; and others), thus effectively decreasing the colloid osmotic pressure of the 
blood. K this occurred, it would throw the balance of capillary fluid exchange 
toward the negative side, and plasma volume should decrease. In this series of 
expeihnents there was no evidence for increased capillarj^ permeability to protem. 
The rate of escape of the albumin-bound dye T-1824 from the circulation, esti- 
mated from time-concentration curves and staining of the tissues, did not appear 
to increase significantly. Calculated total serum protein tended to decrease, 
but this probably should not be taken as erddence for increased permeability of 
the capillaries to protein without more knowledge of the mechanism maintaining 
the constancy of the protein content of the plasma. In this mechanism the rela- 
tive impermeability of the capillary endothelium to proteins is probably only 
one factor. Changes induced by subcutaneous histamine in other factors — e.g. 
Ijmph protein transfer and the destruction and synthesis of plasma protein — 
are not knov.u. 

In normal dogs the rise in hematocrit values over and above corresponding 
decrease in plasma volume, and the consequent increase in calculated total cir- 
culating red cell volume might result from 1, mobilization of red cells from blood 
depots of relatively high corpuscular content; 8, change in the differential dis- 
tribution of red cells between the large and small blood vessels (Fahraeus, 1929) ; 
or 3, decrease in plasma volume, unmeasured because of systematic errors in the 
dye dilution technique inherent in its use in the condition of histamine poisoning. 
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Against the last possibility is the finding that the character of the dye curves 
was not appreciably altered by histamine. Either of the last' two possibilities 
should apply equally to normal and splenectomized dogs, and in addition to cats 
as well as to dogs. Yet when histamine was injected subcutaneously in 4 dogs 
less than three weeks after splenectomy, the marked rise in hematocrit value did 
not occur. In addition, the increase in hematocrit reading was not observed in 
6 preliminary experiments on normal and anesthetized cats injected subcutane- 
ously with histamine.'^ These findings would be compatible with the view that 
histamine acted to mobihze red cells frdmthe spleen — and possibly other blood 
depots — ^in normal dogs and in dogs fully recovered from splenectomy. In dogs 
under ether anesthesia, the discrepancy between rise in hematocrit value and 
change in plasma volume was less than in many of the normal dogs, a finding 
which would be ia agreement with the possibility that histamine mobilizes cells 
from depots, the major one of which — ^the spleen — was akeady partially emptied 
in etherized animals by the action of the anesthetic. A parallel is suggested 
between the effects of histamine and of ether, which constricts the spleen and 
thereby raises the hematocrit value in dogs but not in cats (McAllister, 1938; 
Conley, 1941). 

The effects of subcutaneous histamine injection seen in these experiments were 
in marked contrast to the sjunptoms of traumatic shock in unanesthetized dogs. 
The animals in histamine shock were more active and alert, in sjjite of their much 
greater hypotension. This difference might result from cerebral vasodilatation, 
vith consequent maintenance of blood flow to the brain, which is said to be one 
effect of histamine in dogs (Weinberg, 1933). Reduction in blood volume was 
not produced by histamine. This was perhaps the most fundamental of the 
observed differences between histamine shock, as produced under the conditions 
of these experiments, and traumatic shock. 

SUMMARY 

Subcutaneous injection of 3 to 12 mgm. histamine base per kgm. in unanes- 
thetized and etherized dogs resulted in a characteristic circulatory disturbance 
which differed markedly from traumatic shock in the clinical s 3 Tnptoms produced, 
in the far greater hypotension, and in the absence of definite blood volume reduc- 
tion as an etiological factor. Change in blood volume in histamine shock under 
these conditions resulted from 1, a moderate increase or decrease in plasma vol- 
ume, and 2, increase in calculated red cell volume, which may have resulted from 
mobihzation of cells from the spleen and other blood depots. 

■* Dale and Laidlaw (1918-19) noted a pronounced rise in hematocrit, with fall in serum 
protein concentration, in etherized cats injected intravenously with histamine. This 
finding, which is in contrast to the finding in cats injected subcutaneously with histamine, 
was confirmed in two experiments in which shock was produced in etherized cats in the 
manner described by Dale and Laidlaw. This difference between the effects of intravenous 
and subcutaneous histamine in cats is unexplained. It serves to emphasize the fact that 
histamine shock may not only vary markedly from species to species, but also within a 
given species depending on the conditions under which it was produced. 
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Although it is perhaps generall}’ recognized that the mechanism of cobalt poly- 
C3dhcmia is not completel}'’ understood, the work most frequently cited is that of 
Barron and Barron (1) to the effect that a small amount of cobalt inhibits the 
respiration, in vitro, of yarious tissues but notably reticulocytes and bone marrow. 
These authors propose that cobalt polycj'themia is due “to inhibition by cobalt 
of the respiratoiy function of immature red cells. Once these cells have lost 
their ability to respire, thc^^ are thro^vn into the circulation as mature non-respiiv 
ing cells, being replaced in the bone marrow b3’^ new cells”. Barron and Barron’s 
OAvn data (their table 1) show, however, that the reticulocytes and erythroblasts 
that appear in the bloodstream in cobalt pol3’^cythcmia are activel3’'-respiring 
cells. It has been shown from other studies, however, that cobalt jDroduces 
increased eiy thropoietic activit3’’ with ciy throid metaplasia in the marrow (2,3,4) 
and a reticuloc3dosis and polyc3’’themia in the circulating blood (5,6). It is 
rather difficult to understand how this increased activity of the marrow could 
occur in the face of impaired re.spiratoiy activity, particularly since Warren (7) 
found that er3d;hroid marrow cells arc characterized metabolically b3’' active 
respirator3’' and low gl3'’Colytic acti^dt3^ If respiration is impaired, how could the 
cells undergo more rapid maturation and growth than nonnally; would they 
obtain the required energ3’’ from increased gU’^coly tic activity? It was largely 
wth these questions in mind that the present stud3'^ was undertaken but we have 
also investigated several other possible modes of action of cobalt. Unfortu- 
nateU’’, the results in each instance are essentially negative, but it is our hope that 
the findings to be presented will clarify the work in tliis field. 

A. Marrow Respiration and Glycolysis in Cobalt Polycythemia. 1. The effect 
on marrow respiration of adding cobalt in vitro. These experiments are essentially 
a repetition of those of Barron and Barron (1). Solutions of C0SO4 have been 
tipped onto slices of rabbit bone marrow while the respiration was being meas- 
ured in the Warburg apparatus. Fifteen experiments have been carried out, with 
the final concentration of cobalt in the vessels A’^ar3dng from 10“^ to 10~- molar. 
Varioxis media have been employed,- — neutralized serum (8), saline and Ringer 
solution, all -with and Avithout added phosphate and glucose. Marrows from nor- 
mal and from cobalt polyc3'themic animals have been employed, and in other 
experiments suspensions of rabbit red cells rich in reticuloc3des and suspensions 
of nucleated red cells of ducks have been used. In no instance was an appre- 
ciable effect of cobalt observed during the 3-hour experimental period following 
its addition unless the concentration was as high as 0.01 M Avhen depressions of 

* A preliminary report of these studies has appeared in Federation Proceedings 2:43, 1943. 

> - This work was aided by a grant from the John and Mary R. Markle Foundation . 
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respiration of the order of 20 per cent were obtained. Such concentrations are 
clearly beyond the limit of any which may be encountered in the body using the 
small amounts required to induce polycythemia (9) and considering its rapid 
excretion (10). Furthermore, analyses of the marrow and serum of cobalt poly- 
cythemic animals kindly performed by Dr. Otto H, Muller with the dropping 
mercury electrode method (11) revealed the presence of only traces of cobalt. 
We have taken pains in the respiration experiments, however, to neutralize the 
cobalt solutions, which are very acid, to about pH 6.5 (precipitates form at 
higher pH’s) and to discard experiments in which gross clumping of the marrow 
slices occurred in the presence of cobalt. These possible sources of error may 
conceivably have contributed to the results reported bj^' Barron and Barron. 

2. Respiration and glycolysis of marrow of cobalt-polycythemic rabbits. A more 
direct test of the theory of Barron and Barron is the determination of the rate of 
respiration of the marrow of cobalt-polycythemic animals. This measurement 
was carried out on the marrows of 15 rabbits at intervals of from 10 to 81 days 
after the start of cobalt administration. All the animals showed some degree of 


TABLE 1 

Respiration and glycolysis of bone marrow from polycythemic rabbits 



Qo= Qg’ Qf QgVQo, 


Approximate values expected from (7) 7.0 2.3 

Corresponding values found 6.6 ±0.2* 2.2 ±0.03 


/ 2 

* Probable error of the mean, — Corresponding errors for the reference data in 

n (n — 1) 

the line above cannot readily be calculated, but the errors are of about the same order of 
magnitude. 


polycythemia, the increase in red cell count varying from 1.3 to 3.9 and averag- 
ing 3.6 million cells per cu. mm. The average proportion of erythroid cells in the 
marrow smears at the time of sacrificing the animals was 68 per cent. The tech- 
niques employed have been described previously (8) and respiration and glycoly- 
sis values have been given for maiTows containing varying proportions of mye- 
loid and eodihroid cells (7). 

In table 1 the corresponding data obtained on the polycythemic marrows is 
compared with the data to be expected from the previous study. The two sets of 
data' agree so closely that the difference between them, while just significant 
statistically, is of very doubtful significance physiologically. Tiiis is particu- 
larly true of the ratio of anaerobic glycolysis to respiration (last column), which 
has previously been found to be the most reliable criterion of the metabolic 
activity of the marrow (7). Metabolic changes may occur in the marrow as the 
result of cobalt administration, but they do not appear to be reflected bj’’ appre- 
ciable changes in the overall respiration or glycolysis. 

3. The effect of scrum of cohaU-pohjcythemic animals on marrow respiration. 
As a third test of the thcorj^ that marrow respiration is impaired in cobalt polycy- 
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tlicmia, seven experiments were performed in whicli the respiration of normal 
marrows was measured both in normal serum and in that from cobalt-polj’-cy- 
themic animals. Respnation in the serum of the polycjdhemic animals averaged 
only 1 per cent less than in normal serum, vdth a P.E. of ± 3.8 per cent. 
In nine experiments, the reverse determination was carried out, respiration of the 
marrow from cobalt-polycjdhemic animals being measured in serum from both 
normal and polycythemic animals. The rate of respnation averaged 3 per cent 
lower in the noimal senim, with a P.E. of ± 4.6 per cent. Clearly, no signifi- 
cant effect of the sera on either normal or pol 3 ’-C 3 dhcmic marrows could be estab- 
lished. 

B. Possible Neural Mode of Action of Cobalt. In a scries of papers (12-16) 
Davis has demonstrated that choline and certain other vasodilator drugs depress 
or prevent the pol 5 ''cythemia following cobalt administration, whereas vasocon- 
strictor dmgs can induce polycjdhcmia. The action of vasodilator drugs in 
inhibiting cobalt polycjdhemia is interpreted by Davis in terms of the Barron- 
and-Barron theoiy, i.e., the inhibitoiy action of cobalt on the respiratoiy activity 
of the erythroid marrow cells is counteracted by the increased oxygen supply to 
the marrow resulting from the vasodilatation. Since we cannot confirm the 
BaiTon and Barron theory of impaired respiration of the marrow cells, an alter- 
native e.xplanation of the antagonistic action of cobalt and the vasodilator drags 
suggested itself, namely, that cobalt might act by a local neural mechanism 
(vasoconstriction?) that is du’ectly counteracted by choline. If this were true, 
denervation of the marrow should prevent the effect of cobalt. 

This possibiIit 3 ’' was investigated by inducing cobalt polycythemia in a series 
of rabbits in which one liind limb was dcneiwated, and making morphological 
examination of the tibial marrow of the normal and denervated limbs. Eight 
animals were used in the expeiiments. The operation consisted of section under 
local anesthesia of the right femoral nerve as it emerges beneath the inguinal liga- 
ment, and of the right sciatic nerve in the upper third of the thigh. At least a 
centimeter of neiwe was removed distal to these points. This procedure destroys 
both the somatic and autonomic irmervation of the right hind leg in most of the 
thigh; below the knee, the deneiwation is complete. This was verified by physi- 
cal examination after the animals had recovered from the operation, and later 
when they were sacrificed after production of cobalt polyc 3 d;hemia. Complete 
sensory and motor paralysis was always observed below the level of the knee, and 
in the later examinations there was marked atrophy of the thigh and leg muscles. 
The inneiwation of the vascular supply of the tibial marrow must consequently 
jhave been interrupted, for it has been sho\vn that the S3'mpathetic innervation of 
vessels in the extremities is via the peripheral neiwes and that the fibers do not 
traverse the vessels for more than a short distance (17). 

The data on these animals are summarized in table 2. After the operation, 
cobalt sulfate was administered either orally or subcutaneously in doses of 5 or 7 
mgm. cobalt per day together with 3 mgm. of MnCb (18) for periods var 3 ’ing 
from 19 to 81 days. Usually about 3 weeks were required for the polyc 3 dhemia 
to reach its maximum degree, after which it was maintained. The original and 
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final levels of the red blood cell count and hemoglobin determinations are shoAvn in 
the table. No difference was noted either in the rate of development or in the 
■degree of polycythemia in the operated animals compared vith 7 others in which 
no operation was performed. l^Tien the animals were sacrificed, the gross ap- 
peai-ance of the femoral and tibial marrow of the noimal and denen’-ated limbs 
was identical. All the marrows appeared to be hj-perplastic but to a variable 
degree in different animals. This was confirmed by examination of sections 
prepared from corre,sponding areas of the tibial marrow on the two sides. The ’ 
degree of hyperplasia was graded on an arbitrary scale from + to H — !-++• 
These gradings are shown in table 2. It is clear that the same extent of ery- 
throid hyperplasia was present in the control and dener^mted limbs. 

TABLE 2 


. Blood and bone marrow responses folloxmng administration of cobalt to animals with a 

denervated hind limb 


EXP. NO. 

COBALT 
i DOSAGE 

i 

DUEATION 
j OP EXP. 

i 

! 

BED BLOOD CELL 
COUNT 

hemoglobin 

PEE CENT EEV- 
THEOID MARROW 
CELLS 

MARROW 

nVPERPEASrA 

Begin- 

ning 

End 

• Begin- 
ning 

End 

Control 

limb 

Dener- 

vated 

limb 

Control 

limb 

Dener- 

vated 

limb 


mgm./day 

days 

Mil. 

Mil. 

gms.% 

sms. % 

j 




6 

0 

41 

5.3 

6.8 

12.3 

15.6 

64 

61 

2+ 

2A- 

10 

6 

61 

5.3 

8.0 

9,0 

13.5 

1 59 

61 

4+ 

4+ 

11 - 

0 

63 

6.2 

7.5 

7.9 

12.5 

63 

64 

3-f- 

3+ 

12 

5 

67 

5.6 

. 7.1 



.50 

53 

2-f 

2+ 

13 

7 

29 

4.3 

7.8 

10.7 

16.3 

58 

59 

4+ 

4-f 

14 

7 

81 

4.7 

7.4 

10.4 

14.9 

i 59 

61 

2+ 

2-f 

15 

7 

19 

4.2 

7.6 

9.5 

13.7 

64 

60 

4+ 

4-f 

16 

7 

21 

5.4 

8.0 

10.9 

13.8 

59 

60 

4-f- 

4-f 

Average 


m 

10.7 

14.3 

60 

i 60 

1 




Finally, differential bone marrow count.s were made on smears of the tibial 
marrow of the control and deneiwated limbs. The proportion of ei’ythroid cells 
in the marrow of normal rabbits of the same strain is slightly less than 50 per 
cent (7). In the present series, as shonm in table 2, the average proportion of 
erjThroid cells was 60 per cent, both in the control and denervated marrows. 
This would hardly lie a significant increase were it not for the hjpeiplasia which 
occun'ed concomitantly; when these two changes are considered together, it is 
clear that a definite increase occurred in both the mass and proportion of ery? 
throid cells and that th&se changes were independent of whether or not the mar- 
row had an intact inncrv'ation. We conclude that the morphological response of 
the bone marrow to cobalt is independent of an intact peripheral innervation.® 
C. Ifislological Changes in Marrow Blood Vessels. Reznikoff, Foot and 

* It if! also worthy of note that denervation doc.s not affect the cellular composition of 
normal marrow or alter the marrow response to low oxygen tension (19). 
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Belhoa (20) have reporfed st rikin'!; jnnrjdiological changes in the vascular S 3 'stcm 
of tlie hone marrow in eases of jiol.vcythemia vera. TJiese include thickening and 
sclerosis of the vasculaj- walls and tlie occurrence of thromboses. We have ex- 
amined the marrows of our cobalt poWeyt hemic animals for these \'ascular 
chaJige.s, using tlie same teclinique described in* BeKnikofFc/ al. No such changes 
were found and in hict there was no evidence of anv moiphological changes in the 
vessels. Dorrnnee and his collai.iorators (J) h.avc also reported recent patho- 
logic studies in Avhich no vascular cliange.s were noted. 

lliscussiox. In the foregoing .•sections, wc have been unable to confirm the 
the.'^is that cobalt act.s l\v impairing tlie respiratory activif^' of the bone marrow 
and haA'e .'^hown that, its en’ccts are inde])end('nt. of the j)eriphci-al innervation of 
the marrow and do not. involve morpliological changes in the marrow vessels. 
How it acts is certainly not elucidated, but in t he spirit of .stimulating further in- 
vestigation, two possibilities migld be entertained. 1. It. could act on the liver, 
possibh' enhancing the formation thereof metabolic precursors requisite for red 
coll production. That choline, its antagonist., acts there is well known. 2. The 
above hejjatic mechanism might be set off bv colx'dt acting on a central neural 
mechanism. Incidentally, a h.vpot helical case ma.v be mad(! out for o.xj’-gen lack 
acting bj' waj' of a central neural mechanism also, but further speculation along 
thc.se lines is obviousb* uinvarranted. 

.SU.At.AfAUV .VXI) COXCLUSIO.VS 

J . The obsen'ation of Barron and Barroji that the re.sj)iration of bone marrow 
and reticulocytes fa r?7ro is impaired b.v .small amounts of cobalt cannot bo con- 
fiiTOcd. 

2. The resjjiration and gl 3 'col.ysi.s of the marrow of cobalt-polA’c^'lhcmic 
animals is slight.l^r lower than that wliich would be ]>rcdicted from previous 
studies, but the difference is so slight as to bo of veiy doubtful significance. 

3. 'The m vitro resjjiration of both normal and pol.ycythomic marrow is not 
altered bj' substituting jjolj'cjdliemic for normal scrum. 

4 . The eiythroid In'perplasia of bone mari'ow in cobalt-polycythemic animals 
is independent of whether oi- not the marrow has an intact peripheral innerva- 
tion. 

5. No morphological changes were observed in the blood vessels of marrow 
from cobalt-pol^'cj'thcmic annuals. 

G. In our opinion, the mechanism of the action of cobalt in inducing pol 3 ''C 3 ’-- 
themia is unexplained; several possibilities are suggested for further stud.y. 
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A pre\dous paper (Smith and Aledlicott, 1944) described the changes wliich 
occurred in the blood picture of rats that were fed diets deficient in iron and/or 
' copper. The present paper extends these studies to the rabbit. 

The techniques used were described in detail in tlie above mentioned paper, 
and only a summary vdll be given here. The rabbits were secured from the 
laboratory colony of Dutch rabbits. I^Tien the young rabbits were approxi- 
mately two weeks of age, all feed was removed from the breeding cages, and 
^ thereafter the young were given access only to milk enriched Avith 10 per cent of 
whole milk powder (Klim) which was later supplemented with either iron or 
copper. The nursing females were removed for approximately a four-hour period 
daily to another cage and permitted to consume the stock diet of G. L. F. calf 
pellets and a mixed clover haj'- after which the}’- were returned to their young for 
the remainder of the day. The young were weaned at four weeks of age and 
placed in indhddual, galvanized vire cages and continued on the milk diet, which 
was fed ad lib. 

Blood samples were taken from an ear vein at weeldy intervals until the hemo- 
globin dropped to about 4 grams per 100 ml. of blood (appro.ximately four to six 
weeks after -weaning) at which time 1 ml. of blood -\vas taken by heart puncture, 
mixed "with heparin, to prevent coagulation and subjected to the folio-wing de- 
terminations: hemoglobin, red cell count, red cell volume and reticulocyte count. 
All of these determinations were performed in duplicate. In addition, blood 
smears -were stained vdth Wright’s solution for microscopic examination. In 
taking blood samples from the ear veins, it was foimd veiy helpful first to rub the 
ear "vwth a cloth moistened with ether. This brought about a dilatation of the 
veins and a good flow of blood when the veins were punctured "with a lancet. 

Rabbits hereafter referred to as milk anemic rabbits were those which sub- 
sisted on the milk diet only. Rabbits which are referred to as iron-fed were those 
which developed a severe anemia on the milk diet and were then supplemented 
with 2 mgm. of pure iron per rabbit per day. The source of this non was iron 
carbonyP. The rabbits designated as copper-fed were those which developed a 
severe anemia on the milk diet and were then fed 0.2 mgm. of copper per rabbit 
per day. The source of this copper was electrolytic copper. Blood samples 
Avere taken by heart puncture after two to four weeks following iron or copper 
supplementation and subjected to the various determinations preA'iouslj' men- 
tioned. The rabbits called nomal were litter mates of the anemic rabbits which 

1 General Aniline Works, Grasselli, Kew Jersey. 

179 



180 


S. li. SlillTH, M. MEDLTCOTT AXD G. H. ELLIS 


received our stock diet. Blood samples ■\vei’e taken from these rabbits when they 
were ten to eleven weeks of age. 

Results. Blood analyses were obtained on 32 milk-anemic, 7 iron-fed and 8 
copper-fed rabbits. It was planned to have larger numbers of obseiwations in 
the latter two groups, but a high rate of mortality, particularh^ as the hemoglobin 
fell to a low level, prevented this. 

The hemoglobin response of milk anemic rabbits when fed iron or copper is 
given in table 1. 


TABLE 1 


The hemoglobin response of milk anemic rabbits when fed iron or copper 


BABBIT 

IP.ON (2 MGM./0AY) HEUOGLOBIS 
(CRAMS/lOO MI,, blood) 

I 

1 

I RABBIT 

COPPER (0.2 mgm./day) hemoolobis 
(GRAMS/ tOO ML. blood) 

Initial 

2 wks. 

Initial I 

1 ■wk. 1 

2 wks. 

1 

4.0 

3.8 

8 

3.8 

3.0 

1.9 

2 

3.7 

2.7 

9 

4.0 

4.4 

3.3 

3 

4.4 

7.5^ 

10 

4.1 

3.3 

3.0 

4 

2.8 

1.8 

11 

4.0 

4.2 

3.8 

5 

5.1 ! 

3.1 

12 

3.4 

4.5 

4.2 

6 

4.1 i 

2.9 

13 

5.0 

4.5 

3.7 

7 

3.0 

1.3 

14 

5.0 

4.7 

4.1 

] 



15 

4.2 

4.5 

3.5 

1 

Ave 

3.87 

3.30 


4.19 

4.14 

1 3.44 


* Hemoglobin fell to 4.4 grams in five weeks. 


TABLE 2 


A summary of the blood picture of normal, milk-anemic, iron-fed and copper-fed rabbits. 


TBEATilENT 

NO. 

, HEMOOIiOBIN 

R.B.C. 1 

1 

HEilA- 

TOCBIT 

il.C.V. j 

M.c.Hb. 

COKC. 

M.C. Hb 

RET. 

Normal 

Milk nncmio. . 

Fc-fed 

Cu-fed 

i 

13 

32 

7 

8 

gme./lOO ml 

14.02 ±0.297 
3,84 ±0.123 
2.52 ±0.411 
3,07 ±0.240 ' 

milliomtcmm, \ 
0.526 ±0.1389 i 
2.482 ±0.1407 
1.402 ±0.1004 1 
2.070 ±0.3015 i 
1 

% 

42.3 ±0.80 
13.6 ±0.53 
8.3 ±1.19 
11.8 ±0.94 

! 

05.0 ±1.02 ! 
50.7 ±1.50 

58.3 ±4.22 

47a ±2.39 

1 

% 

33.1 ±0.52 

28.0 ±0.55 

30.0 ±1.20 

20.1 ±0.44 

rr 

21.5 ±0.20 
i 16.3 ±0.02 

1 17.0 ±1.73 
12.0 ±0.80 

% 

1.2 ^±0.20 
5.4 ±0.91 
2.3 ±0.29 
10.1 ±2.35 


The absence of a hemoglobin response following either iron or copper supple- 
mentation is interpreted as meaning that the iron used was free of copper and that 
the copper used was free of iron. In a few cases Avhere 2 mgm. of iron and 0.2 
mgm. of copper were fed simultaneously, rapid hemoglobin regeneration occurred. 

A summary of the blood picture of noimal and anemic rabbits is given in table 
2. This includes the mean hemoglobin values, rod blood cell counts (ll.B.C.), 
the centrifuge hematocrits, and the indices calculated from the foregoing values — 
mean red cell volume (M.C.V.), mean red cell hemoglobin concentration (M.C. 
Hb. Cone.), and mean red cell hemoglobin content (M.C. Ilb.). Also included 
are the mean reticulocyte counts. The significance of mean differences was 
determined byStudcnt’.s/test. AP valucof O.Ol is considered highly significant. 
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and a P value of 0.05 is considered significant. The mean cell volume, mean cell 
hemoglobin concentration, and mean cell hemoglobin content of the blood of the 
milk anemic rabbits are all les.s than in normal rabbits. These differences are 
liighl}’- significant statisticall 5 \ Thus, in the rabbit, 'milk anemia is microcjdic 
and h 3 TDOchromic. The mean cell -^-olume, mean cell hemoglobin concentration, 
and mean cell hemoglobin of iron-fed rabbits did not differ significantly from those 
of the milk anemics. In the case of copper-fed rabbits, the microcjdo.sis and 
hypochromasia were more se^'ere than in the case of the milk anemics asshovm bj' 
a significant decrease in mean cell volume and a highly significant decrease in the 
mean cell hemoglobin concentration. The anemia in all three cases vas micro- 
c^ytic and hj'poclu’omic. 

The reticulocytes showed a highly significant increase over normal in the case 
of the milk anemics and the copper-fed rabbits. The copper-fed rabbits showed 
a highly' significant increase over the milk anemics. 

In the rat, it was shovm that copper stimulated eiythropoiesis in milk anemic 
animals (Smith and IMedlicott) . The liighlj’- significant increase in the reticulo- 
cjffe counts in the copper-fed rabbits as compared to those of the milk anemic 
rabbits indicates that this observation also holds true for the rabbit. Some addi- 
tional support for this idea is found in the red cell counts of the two groups. In 
.spite of the fact that the mean hemoglobin value of the copper-fed group is lower 
than that of the milk anemic group, the mean' red cell count of the copper-fed 
animals is higher than that of the milk anemic rabbits, although tliis difference is 
'not statistically significant. 

A microscopic examination of the blood smears confirmed the microcjdosis and 
hjiiochromasia, wliich was particularly evident in the smears of the copper-fed 
rabbits. In addition, there was a mild poikilocytosis. Basophilia was not pro- 
nounced in anj’" of the smears. 

Discussiox. The data in this e.xperiment show that in the rabbit a deficienc}’ 
of iron or copper or both in the diet of rabbits leads to a hypochromic and miero- 
cjdic anemia. A similar situation prevails in the rat (Smith and IMedlicott, 1944; 
Foster, 1931 ; Fitz-Hugh e/ a/., 1933. In man, a deficiencj’" of iron is knovui to pro- 
duce a microcndic and hj'pochromic anemia. The onlj’- exception so far as the 
authors are aware is the pig where, according to Hamilton et al. (1933), a milk 
anemia results in a lypochromic and normocj'tic anemia. 

CONCLUSIONS 

A deficiencj^ of iron or copper or both in the diet produces a microcjdic and 
ly^iochromic anemia in the rabbit. 
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In a previous report it was demonstrated that the infusion of hypertonic 
potassium and sodium chloride markedly reduced the simultaneous renal tubular 
reabsorption of ascorbic acid (1). Since thei’e occurred no associated decrease in 
glomeiiilar filtration rate or effective renal plasma flow, and since osmotic dim-esis 
did not influence the rate of ascorbic acid reabsorption, it was inferred that these 
salts blocked the tubular transfer of ascorbic acid in some aspecific manner. 

The purpose of the present report is to analyze further the interrelationship of 
certain tubular processes by means of stud 3 dng the effects of the renal clearance 
of other substances involving tubular mechanisms on simultaneous ascorbic acid 
reabsorption. One of these, glucose, is reabsorbed by the tubules (2), and the 
other, p-aminohippuric acid, is excreted by the tubules (3). Related tubidar 
processes should then be revealed by the interference on tlie part of these sub- 
stances with the reabsorption of ascorbic acid. 

In this studj’’ particular attention has been directed to the following relation- 
ships: a, the effect of saturation of the p-aminohippuric acid excretorj’’ mecha- 
nism on reabsorption of ascorbic acid; b, the effect of saturation of the glucose 
reabsorptive mechanism on simultaneous ascorbic acid reabsorption; c, the effect 
of saturation of both mechanisms on ascorbic acid reabsorption; and d, the effect 
of saturation of the p-aminoliippuric excretory’’ mechanism on glucose reabsorp- 
tion. 

Exa?ERiArEXTAii PROCEDURE. Six trained female dogs ranging in weight from 
10 to 19 kgm. were used in various phases of this studj’’. Thej’’ were kept on a 
mixed diet. Clearance experiments were conducted bj' maintaining desired 
plasma levels of the substances to be cleared by constant intravenous infusion. 
To allow suitable time for equilibration, collection of the uime in approximately 
ten minute intervals was begun about thii-tj”- minutes after the initial priming 
dose, the bladder being rinsed at the end of each collection period. Adequate 
urine flows were insured bj'- hj’^drating the dogs with 40 cc. of water per kgm. 
about one hour before the beginning of each clearance experiment. 

The general plan of each clearance experiment was to make three obseiwations 
of the normal maximal rate of ascorbic acid reabsorption, after which priming 
doses of p-aminohippuric acid or glucose were followed by continuous infusion of 
the respective substances and continued for three more ten-minute collection 
periods. In additional experiments, both glucose and ascorbic acid were given 

1 Present address: Department of Physiology, Western Reserve University, College of 
I^Iedicino, Cleveland, Ohio. 
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during the control periods, followed bj'- p-aminohippuric priming and infusion. 
In all cases the rates of infusion of the substances were more than adequate to 
saturate then* respective tubular mechanisms. 

The tubular reabsorption of ascorbic acid and glucose was calculated as the dif- 
ference between the amount filtered (glomerular filtration rate in cubic centime- 
tem per minute X plasma concentration) and the amount concurrently excreted 
(m’inary concentration X rate of urine flow). The clearance of simultaneously’’ 
infused creatinine was taken as the measure of glomerular filtration rate. Cre- 
atinine content of CdS04 plasma filtrates (4) and diluted urines was measured in 

TABLE 1 

A typical experiment showing the effect of p-aminohippuric acid tuhidar excretion on the 

simultaneous reahsorption of ascorbic acid 

During the control periods p-aminohippuric was excreted at a rate appro.ximately 25 

per cent of the maximal 





ASCORBIC ACID 



P-AMIKOHIPPURIC 


Plasma 

cone. 

Glom. 

Clt. 

rate 

filtered 

Excreted 

Reabsorbed 

Clearance 

ratio: 

ascorbic 

creatinine i 

1 

Excreted 

Amt. 

excreted 

Tra» 

Control 

mgm./% 

4.00 

cc.lmin. 

40.0 

msm./min. 

1.600 

tnsm.lmin. 

1.310 1 

mgm./min. 

0.290 

n 

mgm.lmin. 

3.18 

■ 


' 4.20 

41.3 

1.735 

1.485 1 

0.250 


3.25 



4.40 

42.7 

l.SSO 


0.240 


1 3.36 



4.20 

41.3 

1.740 

1.478 

0.260 

0.848 

3.26 

0.254 

During 

p-amino- 

hippuric 

Tm: 

Time 

12 min 

4.oS 1 

i 

i 

i 

43.0 

1.970 

1.970 

0.000 

1.000 

13.3 

! 

1.04 

22 min i 

4.70 

40.0 

l.SSO 

1.830 


0.975 

11.9 

0.93 

32 min I 

4.SS 

40.5 

1.975 

1.930 

0.045 

0.975 

13.2 

1.03 


4.72 

41.3 

1.941 

1.910 

1 0.031 

1 

0.9S3 

12.8 



* The average of the three periods during which p-aminohippuric acid was infused at 
elevated plasma levels is taken as Tm. 


the photoelectric colorimeter by the alkaline-picrate method of Folin and Wu (5). 
Plasma and urinary' ascorbic acid concentration was determined by^ the dichloro- 
indophenol method in the photoelectric colorimeter -nith modifications given in a 
previous report (6), after demonstration that simultaneously infused substances 
did not interfere "svith the test. Glucose was measured by Shannon’s modifica- 
tion of the Folin method (7). Determination of p-aminohippuric acid was made 
after the method developed by' Smith (8). All analy'ses were made in duplicate. 

Results. A. The effect of saturation of the p-aminohippuric acid excretory 
7ncchanis7n on the reahsorption of ascorbic acid. '\'^flien the tubular excretion of 
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p-aminoMppuric acid was elevated from considerabty below maximal to the 
maximal rate (Tm), the reabsorption of ascorbic acid was immediately blocked, 
but soon progressively began to recover (tables 1 and 2, fig, 1). In onlj’- one ex- 
periment, however, was there indication that reabsorption had retiu’ned to nonnal 
within fifty minutes after tubular saturation by p-aminoluppuric acid had been 
effected. Wliile these changes in ascorbic acid reabsorption were occurring, the 


TABLE 2 

Summary of the effects of low and maximal rates of p-ajninohippuric acid tubidar excretion 
on the simultaneous reabsorption of ascorbic acid 



ASCOP.BIC ACID 

p-AMIKOHIPPXmiC 

DOG 

1 Plasma 

1 cone. 

Glom. 

fill. 

rate ^ 

Filtered 

Excreted 

Reab- 

sorbed 

Amt. reabs. 
Tm' 

Clearance 

ratio 

ascorbic 

creatinine 

Excreted 

Amt. e.xcr. 
Tmf 



cc./min. i 

mgm./min. 

mgm.fmin: 

mgm.fmin. 



mgm./tr.in. 


D 

3.47 

69,1 




1 

0.720 

5.00 

0.290 


3.81 

73.0 

2.782 

2.635 



0.950 

17.40 


/ 

3.16 

&3.3 

2.623 

1.893 



0.720 

3.10 

0.210 

3.70 

75.0 

I 

2.773 

2.417 



0.870 

14.90 


M 

3.88 

64.0 

2.487 

1.850 

0.638 

i 

0.750 

2.90 



3,10 

1 

58.4 

1.815 

1 1.540 

i 0.270 

1 

0.420 I 

0.850 

16.40 



1 

2.71 i 

70.7 

1.917 

1..307 

0.610 

1 

0.6S0 

0.00 



2. 88 

65.0 

1.877 

; 1.583 

i 

0.294 

0.480 , 

0.850 

; 16.30 


P 

3.17 i 

57.0 1 

1.817 

mi 

B 


B 

2.50 



3.50 ' 

1 

62.4 


B 

B 


B 

25.00 


H 

4.20 

n 

1.740 

1.478 

0.260 ! 


0.8.50 1 

3.30 

0.260 


4.72 

■9 

1,941 

1 1.910 

, 0.031 1 

0.122 1 

0.980 

12.80 



* Ascorbic acid Tin value represents the average of the three control period determina- 
tions done at load levels adequate to insure saturation of the reabsorptive mechanism. 

f p-aminohippuric acid excretorj- Tm represents the average of the three periods during 
which the excretion bj' the tubule.s was maximum at plasma levels which were adequate to 
insure saturation of the mechanism. 

Each figure in the above table represents the average of three consecutive ten-minute 
collection periods. 


maximal rate of excretion of p-aminohippuric acid remained essentially constant. 

WTtenthe rate of transfer of |)-aminohippuric acid was below the tubular maxi- 
mum, the concurrent reabsorption of ascorbic acid appeared to Im within the 
normal range. This is evident in table 3, where sufficient control data are 
available for three of the dogs used in the present study to permit comparison. 
Hence the effects on the ascorbic acid mechanism occurred only when the rate of 
transfer of p-aminohippuric acid wa.s maximal. 
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It is clear from figure 1 that the infusion of p-aminohippuric acid has no signifi- 
cant effect on the rate of glomerular filtration. From this it must be concluded 



Fig. 1. The effect of the tubular excretion of p-aminohippuric acid on the simultaneous 
reabsorption of ascorbic acid and on the glomerular filtration rate is here shown. During 
the control periods (left) p-aminohippuric acid was infused so that the excretory capacity 
was only about 20 per cent saturated . At an average time of 70 minutes from the beginning 
of the clearance, infusion of p-aminohippuric acid was elevated to a rate more than adequate 
to saturate the excretory mechanism. 

Each point represents the average value of one ten-minute collection period, e.xpressed as 
a ratio to the average of three consecutive control periods. The p-aminohippuric excretion 
during the control periods is taken as a ratio to the average of three consecutive Tm de- 
terminations. 


TABLE 3 


Comparison of ascorbic acid reahsorplion xoithovt and with sinnilianeoiis excretion of 
p-aminohippuric acid at rates considerably beloio maximal 



CONTROL 

p-AMINOHIPPURIC 

INF.: 





Ascorbic acid 



Ascorbic acid 


DOG 










p-araino- 

hippuric 

excretion 

No. of 

Range 

Load (mgin./min.) 

Tm (mgm./min.) 

Load 

(mgm./ 

min.) 

Tm 

(mpn./ 

mm.) 

Dev. 

from 


expts. 

(days)* 

Av. 

Range 

Av. 

Range 

normal 

(%) 

Tmt 

D 

9 

56 

1.547 





0.73 

+ 17 




- 





2.390 

0.67 

+ 11 

■nKBw 

iSI 

9 

34 





2.487 

0.64 

+ 15 

0.180 

P 

5 

45 



B 


1.817 

0.47 

-12 

0.100 


* This represents the range in days from the experimental observation in which the con 
trol observations Avere made. 

t The Tm values for p-aminohippuric excretion appear in table 2. 


that the results noted were not caused by glomerular shut-doAvn, but that this sub- 
stance exerted its effect b}* blocking ascorbic acid tubular reabsorption. 
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B. The effect of saturation of the glucose reahsorptive mechanism on simultan- 
eous ascorbic acid reahsorpiion . The immediate effect of saturation of the glucose 
reabsorpthm mechanism A\'as to block the simultaneous reabsorption of ascorbic 
acid (fig. 2A and table 4). As time progressed, hoAvever, ascorbic acid reabsorp- 
tion began again and continued to increase, but did not return to a maximal rate 
during sixty minutes of obsein'ation. Similar effects Avere noted in the data of 
figure 2B and table 5 AA'here during the control periods both glucose and ascorbic 
acid Avere infused in several dogs for time intervals equivalent to the aboAm ex- 
periments. Accordingh*, after an aA'erage of 51 minutes of glucose infusion the 



Fig. 2. A. This shows the effect of saturation of the glucose reahsorptive mechanism on 
the simultaneous ascorbic acid reabsorption. E.ach point represents the ratio of the amount 
reabsorbed during a single collection period to the average reabsorption of three control 
periods done at load levels adequate to saturate the ascorbic mechanism. All values were 
obtained in four experiments with the same dog. 

B. The effect of p-aminohippuric acid excretion at a maximal rate on the simultaneous re- 
absorption of glucose and ascorbic acid. The experimental periods for glucose (open 
symbols) are expressed as ratios to the average of three consecutive control periods done 
before p-aminohippuric Tm was begun. 

The ascorbic acid values (solid symbols) arc all expressed as ratios to the normal as- 
corbic acid Tm in these dogs when no glucose was infused. The normal Tm values in 
milligrams per minute were: dog H: 0.58; dog 0: 0.37; dog M: 0.60; dog D; 0.65. These 
values represent the averages of from two to five clearance experiments done within 19 
days of the above experiments. 

rate of a.=corbie acid reabsorption w’as still only 53 per cent of the normal maximal 

A'alue. 

During this time the glucose Tm remained substantiality constant (tvithin an 
average deviation of 4 per cent of the mean) ; nor did the glomerular filtration 
rate A'arjy significantly in all the experiments in Avhich glucose AV'as given (within an 
aA'erage deviation of ± 6 per cent of the mean). Thus here again the effects did 
not result from glomerular clo.sure, but rather it must be concluded that Avhile 
glucose i.s passing through the tubular cells at a maximal rate ascorbic acid 
reabsoi'ption at least temporarily ccasc-s and does not return to normal during the 
time of observation. 

C. The combined effects of maximal rales of transfer of glucose and p-amino- 
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hippuric acid on that of ascorbic acid. During the control periods of four experi- 
ments which bear on this point, both glucose and ascorbic acid were infused at 
rates adequate to saturate their respectiw mechanisms. As has been stated, 
under these conditions one may expect the ascorbic acid Tm to lie depressed 
while the glucose Tm remains normal. When the tubular excretoiy mechanism 
was then saturated with p-aminohippuric acid, the reabsorption of ascorbic acid 
was completely blocked (fig. 2B and table 5). It again tjqiicallj’’ began to re- 
cover while both glucose reabsorption and p-aminohippuric excretion continued 
at a constant rate, but did not return to its original value in the time observed. 
These experiments further support the argument that ascorbic acid reabsorption 
is linked in some way vith both tubular excretion and reabsorption of other sub- 

TABLE 4 


A typical experiment showing the effect of maximal tubular glucose reabsorption on the 

simultaneous reabsorption of ascorbic acid 



1 ASCORBIC AaD ' 

GLUCOSE 







Clearance 





Plasma 

cone. 

Glom. 
fill, rate 

Filtered 

Excreted 

Reab- 

sorbed 

ratio 

ascorbic 

Filtered 

Excreted 

Reab- 

sorbed 







creatinine 






cc.lmin. 

mzm.l 

min. 

rngm,! 

min. 

mgnuf 

min. 


mgm,/ 

min. 

mgm.f, \ 
min. 

mgm.l 

min. 

Control 

s.oo 

94.2 

2.820 

2.042 

fra 

0.740 





3.00 

99.0 

2.970 

2.280 

Era 





, 

3.07 

93.0 

2.850 

2.220 

H 

0.775 

... ... i 

1 

1 



1 

3.02 

95.4 

2.880 

2.181 

0.699 

0.758 




During glucose 








1 


Tm:Time 

12 min 

3.18 

89.5 

2.846 

2.780 

0.066 

0.980 

443.0 

199.0 

244.0 


2. 96 

92.7 

2.740 

2.290 

0.450 

0.835 

510.0 

253.0 

257.0 

SS min 

2.77 

89.0 

2.460 

2.100 

0.360 

0.854 

548.0 

279.0 

269.0 







2.97 i 

90.4 

2.682 

2.390 

0.292 

0.890 

500.0 

243.0 

257.0 










1 V 


stances, for they demonstrate that glucose and p-aminohippuric acid may simul- 
taneously depress ascorbic acid reabsorption. 

Wlienever any of the above mentioned procedures reduce ascorbic acid tubular 
reabsoi-ption, the clearance of the substance is of course elevated. Thus, with 
reabsorption fairly completely blocked, the ascorbic acid/creatinine clearance 
ratio approaches unity. Reference to the tables vill exemplify this trend. 

D. The effect of saturation of the p-ammohippuric excretory mechanism on 
sinndianeous glucose reabsorption. ‘Wdiile p-aminohippuric acid was being maxi- 
mally excreted bj’’ the tubules, there was no effect on the glucose Tm, even while 
the ascorbic acid Tm was reduced (fig. 2B and table 5) . The present e.xperiments 
have not been designed to examine whether tlie reciprocal effect is tme, i. e., 


1 
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whether glucose tubular saturation influences the maximal rate of excretion by 
the tubules. Data from other workers indicate that such is not the case either in 
the dog (9) or in man (10). 


TABLE 5 


The effect of a maximal rale of tubular excretion of ‘p-aminohip'puric acid on the simultaneous 

reah'sorption of glucose and ascorbic acid 


o 

c 


p-Ainxo- 

mpvvmc 

EX- 

CRETED 

GLOiT, 

JILT. 

RATE 

GLUCOSE 

ASCORBIC ACID 

Plasma 

Fil- 

tered 

Ex- 

creted 

Reab- 

sorbed 

Amt. 

reabs. 

Plas- 

ma 

Fil- 

tered 

Ex- 

creted 

Reab- 

sorbed 

Clear- 

ance 

ratio 

ascorbic 

Tmf 




mgm./ 

cc./ 

mgm.j 

mgm.l 

mgm.l 

mgm.l 


mgm./ 

mgm.l 

mgm.l 

mgm.l 




min. 

min. 

% 

min. 

min. 

min. 


% 

min. 

min. 

min. 


H 

Control*.. . 


47.3 

943.0 


B 



3.60 

1.700 

1.452 

0.248 

0.855 


During. . . . 

10.00 

45.7 

980.0 

H 

H 





2.782 


1.000 


p.a.h 


41.0 

1000.0 

BhmIi 




5.83 


2.325 


0.970 


Tm 


39.4 

1010.0 

398.0 


B 

B 

5.60 

2.225 

2.163 

0.062 


0 

Control . . 

HI 

32.7 

782.0 

255.0 

139.0 

116.0 


3.93 

1.285 

1.034 

H 

0.804 


During 


33.0 

855.0 


169.0 



5.18 




1.000 


P-a.h 

KIBil 

35.0 

815.0 



116.0 

nBai 

4.85 

1.722 

1.575 

uRn 

mm 


Tm 

7.80 

39.0 



B 

114.0 

0.98 

4.50 

1.755 


B 

H 

M 

Control . . . 


58.5 

536.0 

313.0 

101.0 

212.0 


2.65 

1.551 

1.305 

0.246 

0.843 


During. . . . 


55.7 

428.0 


54.0 

184.0 

0.87 

2.35 

1.309 

1.305 


1.000 


p.a.h 


60.4 

413.5 


El 

188.5 

0.89 


1.450 

1.315 


0.910 


Tm 

14.30 

59.0 


238.5 

m 

186.5 

0.8S 

2.47 

1.455 


0.175 

0.877 

D 

Control . . . 


83.5 


5S7.0 

289.0 

298.0 


2.81 

2.347 


0.397 

0.830 


During . . . 

12.40 

75.5 




m 


3.71 




0.932 


p.a.h 

14.10 

84.0 






3.88 




0.925 


Tm 

12.50 

79.3 

uu 


B 

■ 




B 


0.910 


* The control figures represent the average of three consecutive ten-minute collections. 

t The Tm for glucose represents the average of the three control periods at load levels 
adequate for saturation of the glucose reabsorptive mechanism. 

The ascorbic acid Tm for the above dogs when no glucose was infused was as follows; 
dog H: 0.580; dog O: 0.370; dog M: 0.600; dog D : 0.647. These represent the averages of 
two to five clearance experiments done within 19 days of the above clearances. 

Discussiox. In searching for the possible mode of interference of these sub- 
stance-s with ascorbic acid reabsorption, the effect of the high o.'jmotic activity of 
glucose and p-aminohippuric acid in the proximal tuljules mu.st be considered, in 
view of the possibility that interference with noimal water reabsorption may in- 
fluence the reabsorption of ascorbic acid. Against this possibility, however, the 
follo-irfng arguments may be advanced: a, water diuresi.s over a wide range of 
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urine flows litis no significant, influence on tiscorliic acid I’m ; b, no correlation was 
found between tlie amounts of glucose and p-timinohipiiuric excreted and ascorljic 
acid rcabsorption; c, when an osmotic diuretic tiuit is itself not reabsorbed by the 
tubules is given (mannitol), there is no significant effect on ascorbic acid reab- 
sorption (1). Hence some proce.'S of competition between the tubular transport 
mechanism seems ncce.<sary to explain the above results. 

Pitts (11), largely on the evidence that glycin, alanine, and glutamic acid com- 
pletely or partially block the simultaneous rcabsorption of creatine, has argued 
that the amino acids arc roabsorlied by a common mechanism, and that a, single 
cellular element is common to this mechanism. Shannon had earlier made the 
smne conclusion with i-egard to the behaviour of glucose and xylose (12). Apply- 
ing simular reasoning, the demonstration that both glucose and chlorides, reab- 
sorbed by the tubule.?, and p-aminohippuric acid, excreted by the tubules, re- 
versibly block ascorbic acid rcabsorption mu.?t lead to the conclusion that the 
t ubular tr.ansfer mechanism.? of t hese substance? jiossess some common link. But 
if it is concluded that a common cellular elemenl is in\'olvcd, one is forced to the 
seemingl}* irresolvable jiaradox that rc.absorption and excretion can proceed 
simult.aneou.sly while using the same transjiort substance. 

Shannon, in applying the mass law to tubular trani^port (12), admit.? that the 
reversible combination of a substance with the “cellular element.” proceeds at the 
expense of energy j[)roduccd by reaction.? which escape ana^'sis by reason of their 
probable complexity. While the iircscnt evidence docs not pi-ocludc the possi- 
bility that individual (or closely related) substances may have specific tubular 
transport mech.anisms, it docs suggest that other interrelationships of tubular 
processes exist, possibly in the energy' producing .systems, for this would explain 
competition of a non-.‘^i)ecific nature such as observed in the ])rescnt stud}'. 

Other evidence cxi.sts that there must be common links between renal tubular 
proce.?ses of excretion and reabsorption. Phlorizin inhibits certain processes of 
tubular reabsorption (glucose, .\ylo?o (13) and ascorbic acid (14)) as well as the 
tubular excretion of creatinine (13), diodrast, and phenol red (15 , IG). Similarly, 
Eiler, iVlthauscn and Stockholm have demonstrated that thyroxin increases both 
the ]-ate of transfer of glucose and diodrast in the same animal (9) and have 
stressed the r61c of pho.sphorylation as a transmitter of o.xidative energy. They 
propose that thyroid hormone influences the activity or availability of some 
factor mvolvcd in the transfer of iihosphate bond cnerg}’, and suggest that adeno- 
sine-tripho.sphatase may be such a factor. 

However, certain difficulties arc presented by the present evidence in applying 
the concept that the non-specific inter-relationship obseri'cd between ascorbic 
acid, glucose, and ])-aminohijipuric acid is at the energy level of tubular trans- 
port, In the first place, thei-e a])pcars to be no limit to the total available tubular 
energy, for both glucose and p-aminohiijpuric acid transfer proceeds simultane- 
ously in a normal manner. Furthermore, the energy requirements for ascorbic 
acid transfer are apt to be low, on the basis of the absolute Tm, when compared to 
such substances as glucose or p-aminohippuric acid. Thus, if the interpretation 
is permitted that competition e.xists at the energy lei'el, one must conclude that 
the ascorbic acid transfer mechanism has a specific orientation or affinity for the 
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energy' system wliicli can be readily modified by a maximal rate of transfer of 
other substances wliicli require energy. 

Favoring such an inteipretation is the obsen'ation that after the reabsorption 
of ascorbic acid has been blocked for a time, it begins again and gradually in- 
creases in rate. The flexibility of this relationship would seem to be character- 
istic of the energy producing system, in that it adjusts itself to the existing tubular 
transfer processes, but does so slowly for the demands of ascorbic acid reabsorp- 
tion. 


SUMALARY AKD COXCLESIOXS 

1. When p-aminohippuric acid is excreted at a maximal rate by the renal 
tubules, the simultaneous reabsorption of ascorbic acid is temporarily blocked. 
It gradually begins again but does not recover its original rate during fifty 
minutes of observation. 

2. Similarly, when glucose is being reabsorbed at a maximal rate,* ascorbic 
acid reabsorption is at first completely blocked, and in the same manner under- 
goes partial recovery. 

3. Although their respective tubular mechanisms do not mutually interfere, 
glucose and p-aminohippuric acid when simultaneously infused depress ascorbic 
acid reabsorption to a greater degree than does each substance singly. From' 
this it is concluded that the observed interference could not have resulted from 
competition for a specific transport mechanism. 

4. Because of the non-specific nature of the competition, the view is favored 
that the observed interrelationship is in the sj’stem which supplies energy for 
tubular transfer. 

The author wishes to thank Drs. Homer W. Smith, James A. Shannon and 
Robert F. Pitts for their constructive criticism of the manuscript. 
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In an earlier study from this laboratorj’- (1) it was shotvn that extracts and 
certain steroids from the adrenal cortex were •odthout effect upon the resistance of 
non-adrenalectomized rats to shock caused by the ligation of the two hind 
limbs. These studies on shock have been extended b}’’ using a toxic substance as 
the damaging agent. 

Shock was induced in non-adrenalectomized rats by the intraperitoneal in- 
jection of peptone. The injection of large doses of adrenal cortical extracts in- 
creased the incidence of survival over that of untreated animals. The adminis- 
tration of ll-desoxj'-corticosterone acetate and of small doses of adrenal cortical 
extracts were ineffective. 

Methods. Normal male rats of theSprague-Dawley strain, weighing 185 to 195 
grams, were used. The diet was Purina dog chow. The animals were not fasted 
prior to the beginning of the experiment but during the experiment food and 
water were -withheld. A solution of peptone (Bacto-Peptone, Difeo) in water 
containing 50 grams per 100 cc. was used. Shock was induced by the intraperi- 
toneal injection of 3.5 cc. of peptone solution in each rat. 

Adrenal cortical extracts from beef and from hog adi-enal glands were made up 
in sesame oil solution so that each dose was contained in 0.5 cc. All traces of 
epinephi-ine had been removed from these preparations. A control solution was 
prepared -by dissolving physiologically inert material from adi-enal extracts in 
sesame oil so that it could not be distinguished from the active extract on the 
basis of appearance. The compound, ll-desoxj’-corticosterone acetate was dis- 
solved in sesame oil and as a control sesame oil onlj’- was used. 

All test solutions were submitted to the experimenter as “unlcnomis”. The 
selection and matchiag of the rats with the test substances was by the folio-wing 
procedure. The rats were first matched into pairs on the basis of body-weight. 
All of the rats were then injected with peptone. A card was dra-om at random 
from a thoroughly shuffled pack and the matching of the rats of each pah -with the 
test solutions was made according to the designations on the card. 

Experiments and results. The test solutions were administered imme- 
diately folio-wing the injection of peptone and again seven, t-wenty-four and thirty- 
one hours later. The incidence of survival at seven, twenty-four, thu'ty-one and 
forty-eight hours followng the injection of peptone was the criterion used to 
judge the efficacy of the test substances. 

The data on dosage and incidence of sundval of rats treated with cortical ex- 
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tracts are summarized in table 1. The data on rats treated with 11-desoxy- 
corticosterone acetate are summarized in table 2. 

The administration of cortical extract in the amount equivalent to 25 grams of 
beef adrenal glands per dose was ineffective. "WTien larger amounts of extracts of 
beef adrenal glands were given the incidence of .survival Avas uniforml}’- greater 

TABLE 1 


The effect of adrenal cortex extract on the number of non-adrenaleclomized male rats (185 to 195 
grams) surviving the intra'pcriloneal injection of 3.5 cc. of -peptone 


soLrxio;; 

1 

GLAKD fBEEF) EQUIVALENT ! 

N’L^rBER 

! 

1 HOEES TOLLOUTKG INJECTION OE PEPTONE 


1 

i ' 


31 

48 

285 

25 grams/dose 

50 

1 42 

1 15 

10 

9. 

28.5A 

control 

50 

36 

j 18 

13 

11 

285 

50 grams/dosc 

50 

43 

26 

16 

14 

285A 

control ! 

1 

50 

1 

44 

13 

10 

7 

284B 

25 grams/dose 

50 1 

48 

25 

10 

8 

284C 

control 

50 

1 

45 

21 

14 

12 

2S7A 

50 grams/dose 

50 

40 i 

23 

17 

16 

287B 

control 

50 ! 

1 39 , 

19 

10 

9 

99C 

50 grams/dose 

50 

! 44 ; 

22 

16 

14 

99F 

control 

50 

1 39 1 

1 

19 

14 

12 

99D 

50 grams/dose 

50 1 

26 ' 

16 

15 

15 

99G 

control 

50 j 

; 27 

15 

14 

14 

2S4B 

100 grams/dose 

50 ' 

46 

15 

12 

i 11 

284C 

control 

.50 j 

41 

6 

6 

6 


gi.aj;d (hog) cquivalekt 

1 

j 





lOOC 

50 grams/dose 

50 { 

44 

26 

22 

22 

lOOD 

control 

50 

33 

16 

12 

12 

lOOH 

50 grams/dosc 

50 

39 

27 

24 

23 

lOOG 

control 

50 ! 

\ 
I 

34 ' 

1 

19 

14 

14 

199A 

.50 gram.s/dose 

1 

50 ! 

41 1 

17 

17 

10 

199B 

control 

50 ^ 

25 ! 

) 

13 

10 

10 


than among the control animals. However, the obseiwed differences were u.sually 
small and there was overlapping between the numbers of treated and control 
animals which sujwived among different groups, l^Tien large doses of extracts 
from hog adrenal glands were given the incidence of -‘■■ui'\ival was significantly 
greater than among the control animals. Tlie compound 1 l-desoxj'corticos- 
terone acetate was ineffective in the doses tested. 
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Histologic changes in the adrenal cortices were not studied in these experi- 
ments. Gross inspection showed small hemorrhagic areas in the capsules of the 
adrenal glands and wthin the gland. Hemorrhage and ulceration were ob- 
served ill the stomach and small intestine. All of the intraabdominal organs 
showed a marked hypei'emia foUoinng the injection of peptone. 

Discussion. There have been a number of studies on the effect of adrenal 
cortical extracts and hormones on the resistance of animals and patients to stress. 
The lack of agreement in results and conclusions has been reidewed by Swingle 
and Remington (2). One of the ultimate objectives of such studies has been to 
deterniine whether or not the cortical hormones are of value in preventing or 
treating any of the forms of shock which occur in human pRtients. Since the 
intraperitoneal injection of peptone is not a natuml hazard the results of the 

TABLE 2 


Nvmhcr of rats surviving the intraperitoneal injection of S.B cc. of peptone with and tvithoui 
treatment un'th ll-desoxycorticostcro7ic acetate 


soLtmox 

; 1 

1 

COXCENTRATIOX j 

XUifBER 

nouns rOLLO\\TN'C IXJECTIOX OF PEPXOXE 


TESTED 

7 

24 

31 

48 

271A 

control 

50 

44 

26 

14 

n 

271B 

Doc-Ac 1 mgm./dose 

50 

47 

23 

11 

■■ 

272A 

Doc-Ac 1 mgm./dosG 

50 

39 

12 

12 

11 

272B 

Control 

50 

41 

16 

7 

7 

272A 

Doc-Ac 0.5 mgm./dose 

50 

36 

19 

11 

10 

272B 

1 

Control 

50 

40 

19 

12 

9 

lOOA 

Doc-Ac 2 mgm./dose 

50 

45 

20 

15 

S 

lOOB 

Control 

50 

39 

22 

14 

11 


present study are not represented as a vector in evaluating the possible clinical 
usefulness of the cortical hormones. 

The positive results obtained in this study do justifj' further studies of shock 
as produced by naturally occuriing damaging agents, especiall}’- those which have 
been described as causing degeneration in the adrenal cortex (3). It may be 
reasonable to assume that a damaged gland is unable to meet its requirements for 
secretory activity as effectively as does an undamaged gland. 

The most effective results were obtained by the use of extracts of hog adrenal 
glands. It was shovm by Kuizenga et al. (4) that hog adrenal glands contain 
approximately twice as much biologic activit}* per unit weight of glands as do 
beef adrenal. extracts. The amount of hog adrenal e.xtract administered dailj^ 
(two doses per day) represented the activity equivalent of 200 grams of beef 
adrenal gland. 

It will be noted that the numbers of animals used in these e.xperiments were 
very large. It is our experience that the variability in incidence of suivival 
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among rats subjected to any type of shock is so great even under the most rigidly 
controlled experimental conditions that studies on small numbers of animals are 
of uncertain value. 

STOIMAEY 

Normal male rats of 185 to 195 grams weight were caused to develop shock by 
the intraperitoneal injection of a 50 per cent solution of peptone. A comparison 
was made in the incidence of survival up to forty-eight hours of rats which were 
treated with cortical extracts, ll-desox 5 '^corticosterone acetate and rats given 
control solutions. The injection of large doses of cortical extracts increased the 
incidence of sundval over that of untreated animals. Extracts derived from hog 
adrenal glands were superior to extracts of beef adrenal glands. The adminis- 
tration of 11-desoxy corticosterone acetate and of small doses of adrenal cortical 
extracts was ineffective. 
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Mammalian heart muscle cannot tolerate anaerobic conditions. Clamping of 
a branch of the coronars’- arterj^ immediately renders the heart hypodjmamic 
(Wiggers, 1934) and compensation, if it ocem’s, is due to the increased activity 
of the unaffected ventricular fibres. Moreover, the area from wliich the blood 
has been excluded does not recover its contractilitj’’ if anaerobic conditions are 
maintained for as short a period as five minutes. In this respect heart muscle 
differs from skeletal muscle and all other tissues ndth the possible exception of 
brain. It seems evident that irreversible changes rapidl}’" take place in heart 
muscle. In order to investigate the possible nature of these changes the respu’a- 
tion of heart muscle slices vas studied. Slices were made from heart immediately 
after its removal from the body and compared vdth slices made from hearts 
allowed to meubate semi-anaerobically for varying lengths of time at different 
temperatures. Because comparative!}’’ little work has been done on heart 
muscle slices, the effect of ions and certain drugs on the respiration was also 
studied. 

Experimental. Young adult rats kept on stock diet were used. They were 
killed by a blow on the head, the hearts removed and immediatel}^ sliced with a 
sharp razor transversely across the V’'entricles so that rings approximately 0.2 
mm. thick w’ere formed. These were placed in shallow dishes containing well- 
oxygenated Ki-ebs-Henseleit (1932) solution without glucose in which phosphate 
w'as substituted for bicarbonate. The time betw’een the removal of the heart 
from the body and the completion of the slicing wns five minutes. The slices 
were trimmed and weighed and usually 5 or 6 (100 mgm. wet w^eight) were placed 
in each Warburg vessel containing 2.0 ml. of the same solution. The ox^’-gen 
uptake was measured at 37° in an. Every experiment was run either in dupli- 
cate or triplicate. The results checked to within 15 per cent. For the incuba- 
tion experiments hearts were removed from the animal and placed in the solution 
for different periods of time at either 37° or 5° before slicing. 

Figure 1 shows that the oxj’-gen uptake of slices made innnediately upon re- 
moving the heart from the animal is constant over a period of 4 to 5 hours. This 
indicates that the cell structure remains mtact under these conditions and that 
there is no loss by diffusion or destruction of essential cell elements such as co- 
enzymes and substrates. The resph-ation of slices made from hearts incubated 
from 5 to 15 minutes at 37° is however detoitely depressed and the rate falls off 
with time. It is interesting that as short a period as 5 minutes should produce a 
definite effect, despite the fact that some blood is left in the coronaries. On the 

' , 'l95 
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otlier hand, shoYm in figure 1, it is possible to incubate the heart for 30 minutes 
at 5° without affecting the subsequent respiration of the slices. Liver or kidney 
slices, however, can be incubated for at least 20 roinutes at 37° under the .same 



Fig. 1. *4; heart sliced after 30 minutes at 5°; B: heart sliced immediately; C: heart 
sliced after 5 minutes at 37°; D: heart sliced after 15 minutes at 37°; E: kidney sliced im- 
mediately and after 20 minutes at 37°; F: liver sliced immediately; G: liver sliced after 20 
minutes at 37°. 

Fig. 3. The heart vas incubated 20 minutes at 21° before slicing. 



conditions without affecting the subsequent respiration. Preparations of brain 
and skeletal muscle present teclxnical difficulties which make the comparison of 
these tissues with the heart imreliable. These results show that the respiratory 
mechanism of heart muscle is verj' sensitive to anaerobic conditions. 
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The following substrates were added to heart muscle shoes in order to deter- 
mine w’hether thej^ affected the oxygen uptake: glucose, Cori ester, Embden 
ester, mannose, adenylic acid, glutamic acid, alanine, acetic acid, tyramine, 
fumaric acid, succinic acid, lactic acid and pyru-^dc -acid. Only the last three 
had an effect. Succinic acid is oxidized at an equal rate bj’- shoes cut from a 
fresh heart or from one incubated for 30 minutes at 37°. Tliis indicates that the 
depressed oxygen uptake of incubated heart is not caused b 5 ’' damage to the 
succinic acid dehj^drogenase or to the C 3 "tochrome-cj’i;ochi’ome oxidase sj^stem. 
Addition of lactic or p 3 Tuvic acids to slices from a fresh heart has a variable 
effect, b)ut usualty causes an increase in the 0 X 3 ’-gen uptake. This variabilit 3 ^ 
might be expected if it is assumed that under these conditions the oxidation of 
lactic and pyruvic acids contributes to the overall 0 X 3 ’-gen uptake. The effect 
of adding these substrates would then depend on whether or not the enzymes 
responsible for then oxidation ai-e"alread 3 '' saturated b 3 ’' these acids supphed 
from carboh 3 ’’drate precursors. If these compounds are added to slices from a 
heart which has been incubated from 5 to 15 minutes at 37° before slicing, the 3 " 
will also increase the ox 3 ’gen uptake. In spite of the considerable reduction in 
the control uptakes caused b 3 '- incubation, the oxidation of lactic and p 3 Tuvic 
acids is onl 3 ' slightly decreased. These results are shovm in figure 2. P 3 Tu\dc 
acid was estimated b 3 ’- the method of Clift and Cook (1932) after it had been 
shaken with, and apparent^’’ oxidized b 3 ’’ slices made from heart incubated 10 
minutes at 37°. From the oxygen uptake it was calculated that 0.48 mgm. of 
P 3 nu'\dc acid was oxidized; from the carbon dioxide production, 0.47 mgm. was 
decarboxylated ; andfromthe chemical determination 0 . 44 mgm. had disappeared. 
This indicates that the increased ox 3 >^gen uptake is caused b 3 ’- the actual oxi- 
dation of pynivic acid and not b 3 * a non-specific salt effect. This is probabfy 
also ti-ue of lactic acid although no direct chemical estimations were made. These 
results suggest that the depressed ox 3 ’-gen uptake of slices from incubated hearts 
is not due to the destruction of the lactic and p 3 -i-uric acid deh 3 ’-drogenases, co- 
enzyme I or thiamine p 3 Tophosphate. Go\der (1944) has shovm that there is 
little destraction of coenz 3 Tne I and thiamine p 3 U’ophosphate in dog heart one 
hour post mortem. 

In order to determine whether the oxidation of fatt 3 ’- acid was damaged b 3 " 
anaerobic incubation, the R.Q. of slices made from fresh heart and heart incu- 
bated for 15 minutes at 37° was measured. The average value obtained for the 
former was 0.86 (0 . 82-0 . 89) and although the ox 3 "gen uptake of the latter was 
depressed 60 per cent, the R.Q. was 0.85 (0.80-0.89). This indicates that 
anaerobic incubation depresses the fatt 3 '^ acid and carboh 3 ’^drate oxidation to an 
equal extent. 

The effect of cations. The removal of either potassium, calcium or magnesium 
from the surrounding fluid has little or no effect on the ox 3 'gen uptake of heart 
slices. If all three cations are removed together, leading onh' a mixture of so- 
dium clfloride and sodium phosphate, the oxr-gen uptake is markedh* depressed. 
This is shown in figure 3. This depression is not overcome Iw the addition after 
30 minutes of the three missing cations in the proper proportions. The damage 
induced 63 * their removal occui'S rapidh' and is irrevei'sible. The same depres- 
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sion' occurs if phosphate is omitted and the slices suspended in pure isotonic 
sodium chloride and the pH adjusted to 7.4. It is thus not possible to cor- 
relate the effects of the removal of these cations on the contraction of the heart 
with the effects of their removal on respiration. Slices suspended in sodium 
chloride and sodium phosphate are still able to oxidize succinic, lactic and pyruvic 
acids, and have the same H.Q. as slices suspended in the complete salt mixture. 

The effects of chloral hydrate and avertin. Halogenated organic compounds are 
often toxic to the heart and their use is contra-indicated in heart disease. It was 
therefore of interest to studj^ their effects on the respiration of heart slices. It 
was not possible to use chloroform because of the difficulty of maintaining a 
constant concentration. Chloral hydrate and avertin were therefore used. 
These compounds inhibit the oxygen uptake of slices from both fresh and in- 
cubated hearts, the effect on the latter being somewhat greater. Thus chloral 
hydrate produced a 45 per cent inhibition of the oxygen uptake of shces from a 
fresh heart and a 67 per cent inhibition of the uptake of slices from a heart in- 
cubated for 15 minutes at 37°. Avertin and chloral hydrate are about equally ef- 

TABLE 1 


The ejjccl of chloral hydrate on the oxygen uptake of slices from unincuhated heart and 
the oxidation of lactic and pyruvic acids 


TIME 

CONTROL 

2.0 SCGM. 
LACTATE 

2.0 MOM. 
PYEIA^ATE 

CHLORAL 

HYDR.VTE 

CHLORAL 

HYDRATE 

2.0 MOM. 
LACTATE 

COTOItAI. 

HYDRATE 

2.0 UOil. 
PVETrVATE 

mtn. 

cmm. 

emm. 

enttn. 

cmm. 

cmm. 


40 

38 

41 

40 

25 

41 


80 

79 

85 

82 

46 

85 


120 

116 

128 

121 

65 

128 


180 

165 

184 

171 

91 

183 


240 

207 

236 

210 

113 

230 



fective in equimolar concentrations. Neither drag is effective in concentrations 
less than LI/1000, and both reach an apparent maximum at M/300, after which 
further increase in the concentration has relatively little effect. Neither drug 
interferes with the oxidation of succinic, lactic or pyruvic acids . This is shown for 
chloral hj'drate and the two latter acids in table 1. In this experiment the 
addition of lactic and pjwuvic acids had little effect on the control uptake of 
slices from fresh heart. Chloral hydrate inhibited the control uptake about 
50 per cent, but in its presence the two acids restore the uptake. These drugs 
do not change the R.Q., and thus their action resembles that of anaerobic in- 
cubation and lack of cations. M/iOOO monoiodoacetic acid inliibits the oxj'^gen 
uptake of slices 75 per cent, and the oxidation of lactic and pyruvic acids com- 
pletely. LI/50 sodium fluoride has a similar effect. 

Discussion. Heart muscle slices made rapidly from a rat heart just removed 
from the animal apparentlj' have a normal respiratory metabolism. The crite- 
rion for tliis is that the oxygen uptake remains constant over a comparatively 
long period of time, and that the R.Q. of 0.86 is identical with that found by 
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Clark, Caddie and Stewart (1931) for the perfused frog heart. Short periods 
of anaerobiosis definitely depress the respiration if the heart is incubated at 37°. 
If this period of incubation is extended to 15 or 20 minutes the heart is usually 
in systolic contraction. During this time lactic acid is probably accumulating. 
But part at least of this lactic acid must be washed out when shces are cut from 
such a heart, because the addition of more to the slices always increases the oxy- 
gen uptake. Since of aU the substrates tried only succinic, lactic and pjunivic 
acids increase the oxygen uptake of slices from fresh and incubated heart, it is 
only possible by this method to studj’- the effects of anaerobiosis on the oxidation 
of these three compounds. The evidence indicates that anaerobiosis disturbs 
the carbohj'drate metabolism' at some stage between the hexose phosphates and 
lactic and pj’TUvic acids.. But since the R.Q. remains the same, depression of 
fatty acid oxidation must also occur. Lack of certain cations, or the presence 
of chloral hj'^drate or avertin apparently produces changes similar to anaerobiosis 
and this suggests that injury produced by a number of different agents may dis- 
turb certain catalj’-sts or structural relationships which result in a depression of 
respiration. 

sumiARY ' 

1. The respiration of rat ventricle slices made as rapidly as possible from 
heai-t just removed from the animal is constant over a period of at least 6 hours. 
The average R.Q. is 0.86. 

2. If the heart is incubated for 5 to 20 ihinutes at 37° before sHcing the respira- 

tion is depressed, ‘the extent depending on the time of semi-anaerobic incubation. 
At 5° it is possible to incubate the heart for 30 minutes without depression of the 
subsequent respiration. . . 

3. Slices made from hearts incubated at 37° stiU oxidize succinic, lactic and 
P5n’uvic acids indicating that the cytochi’ome-c3dochi’ome oxidase system, co- 
enzyme I and thiamine pjnophosphate are still functioning. The R.Q. remains 
unchanged. 

4. Addition of acetate, alanine, glutamic acid, aden 3 dic acid, fumaric acid, 
tyramine, glucose, Cori ester, Embden ester, or mannose has no effect on the 
ox 3 ^gen uptake of slices from fresh or incubated hearts. 

5. The simultaneous absence of potassium, calcium and magnesium depresses 
the respiration of heart muscle slices irreversibR. Under these conditions 
succinic, lactic, and p 3 a-uvic acids are still oxidized and the R.Q. is unchanged. 
A similar effect is obtained if M/300 chloral h 3 'drate or avertin is added to the 
complete salt solution. 
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Exercise experiments or tests may be classed as submaximal or maximal 
depending upon the response they induce in the subject. The essential criterion 
is whether the subject is able to complete the task or is forced to quit from' 
excessive fatigue or exliaustion. B3’- proper selection of the intensity and dura- 
tion of exercise in relation to the physical capacity of the subject, the test maj'' 
be made submaximal or maximal. When it is desired to plan such tests for a 
fairly heterogeneous group of subjects, including extremes of high and low fit- 
ness, certain considerations apply: a, the intensity and duration of submaximal 
exercise cannot exceed the capacities of the poorest subject; h, a maximal exercise 
test, on the other hand, must bring all subjects to a comparable degree of 
exhaustion. 

Submaximal experiments have been widely reported in the literature. They 
range from very brief and vigorous work (Gemmill et al., 1931; Knehr et al., 
1942) to very moderate work in -which a steady state can be attained (Taylor, 
1941), subject onl}’- to the rule that the man can complete the wmrk in the pre- 
arranged time. No great difficulty is met in de\ising a submaximal exercise, 
since one need only detennine what intensity and duration is submaximal for 
the weakest subject. SomeAvhat more difficulty is encountered in designing a 
satisfactory maximal test for a heterogeneous gi’oup of subjects. Tavo main 
types of maximal test have appeared in the literature : a, Avork to exhaustion or 
fatigue AA’ith a Avork-load initiallj’- set near the subject’s limit of capacity (Knehr 
et al., 1942; Robinson and Harmon, 1941); or 6, a graded series of work-loads 
brining the subject gradualty to the point of e.xhaustion (Briggs, 1920; Schneider, 
1931; TaA'lor, 1941). In all of these, time-run, total Avork or some equNalent 
is used as a measure of the performance. The single-Avork method, howeA’-er, 
is inadAUsable for a heterogeneous group of subjects, because no matter AA'hat 
the intensity and duration, strong subjects tend to reach a steadj’’ state and 
continue for a relatiA'cty long time before becoming sufficiently fatigued to stop, 

A The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and DcA'elopmcnt 
and .Stanford University. 

The writer is also indebted to Dr. Raymond Franzen, Statistical consultant for the Civil 
Aeronautics Administration, for the portion of this paper dealing with the heart rate curve 
analysis. 
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while weak subjects tend to become exhausted before second vind is reached. 

A distribution of perfonnance scores, obtained in such an experiment, displays 
a marked positive skevmess. On the contrary, this tendency is avoided in the 
graded-series type of experiment which, noth heterogeneous groups of subjects, 
gives an approximately normal distribution of performance scores. These speci- 
fications for submaximal and maximal tests have been carefully followed in the 
present series. 

It is the aim of this paiier to compare responses of a group of subjects to 
submaximal and maximal work in repeat experiments, to compare intra-indi- 
vidual with inter-indhddual variation, and to point out some essential differences 
in fitness as tested in these types of experiments. 

Subjects. Thirty-one subjects, ranging in age from 19 to 26 (except one, 33), 
were given the treadmill test ririce, about 3 days intervening between tests. 
The group contained two athletes in training, but otherwise was made up of 
normally active college students, and except for the two athletes no particular 
selection was made of extremes in fitness. All subjects were medically certified 
as free from defects which might affect their exercise tolerance. 

Tests. The repeat test routines were given either in morning or afternoon, 
but always at the time of da}'- corresponding to the first test. Subjects were 
instructed to eat only a light meal at the mealtime preceding their test, and no 
experiment was scheduled witliin If hours of mealtime. 

The routine, which included both submaximal and maximal exercise, was as 
follows; 

The walk (submaximal); 108 meters per minute; grade 5 per cent; duration 
4 minutes. 

Interim rest; Sitting 4 minutes. 

The run (maximal); 162 meters per minute; grade initially set at 5 per cent 
but elevated 1 per cent each minute; duration, time to exhaustion of the 
subject. 

• Recovery; Sitting 15 minutes. 

Thus, speed, duration and grade were constant during the walk, and speed 
was constant during the run, but the grade was periodically increased (-^rithout 
interrupting the experiment) during the run and duration was a function of the 
fitness of the subject. Time to the nearest quarter-minute (time-run) was taken 
as the performance measure of fitness. Subjects were motivated to reach a true 
state of exhaustion by preliminaiy instruction and exhortation, and encourage- 
ment during the run. 

Physiological measurements. Heart rates were recorded graphically through- 
out the experiment by use of the Hemy electrocardiotachometer. Resphation 
rates -were recorded graphicall}'- -vrith a marker circuit operated by a gate-valve 
snitch placed in the expired airwa 3 L Expired air was collected during the Avalk 
and run Arith a face mask and a double-chamber 400 liter Krogh-tjTpe gasometer, , 
from the gauge of w'hich readings of A'entilation were made each minute. How- 
ever, submaximal ventilation was calculated as the average per minute A'-entila- 
tion during the period Ij to 4 minutes of walk, and maximal A'entilation is that 
in the last minute of the run. If the run terminated at some fraction of a 
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minute, the complementary fraction was used to calculate the portion of the 
preceding minute’s ventilation, which was added to that in the last part minute, 
in order to give the best estimate of ventilation during the last whole minute in 
the run. Samples of the expired air, drawn from the expired aii’ collections 
described for the submaximal and maximal ventilations, were determined in 
duplicate by Haldane analyzers. Hence, percent oxygen and CO 2 , and oxygen 
consumption correspond to the submaximal and maximal ventilations. Lac- 
tates were determined from capillarj’- blood dravhi 2 minutes after the walk, 
and 5 minutes after the run by the colorimetric method of Barker and Summer- 
son (1941). 

The -performance criterion of fitness. The only defensible a priori criterion of 
the fitness of a man for heavy physical exercise is the amount of such work the 
man can do. Such a fitness criterion is provided by time-run (to exhaustion), 
for which the data are: 



N 

First test 

31 

Second test 

31 


Average 


Mn 

S 

EANOE 

8.0 


4.5-12.5 

8.4 


4.5-13.0 

8.2 

2.23^ 



These figures show that the subjects as a group tended strongly to duplicate 
their first performances, although there was a mean gain of almost one-half 
minute. In spite of the fact that they had no simple way of knowing the time 
during the run, and therefore could not deliberately plan to repeat their per- 
formances, the indi^ddual consistency was verj’^ Ingh. The reliability coefficient 
(rii) for the 31 cases was 0.95. Time-run in the maximal treadmill test may 
accordingly be justified as a criterion of fitness on its “face validity,” its high 
reliability, and on additional physiological e^^dence presented below. 

Sources of variation in physiological measurements. In human, as in all bio- 
logical material, measurements of a given function have a certain error or 
variation. An infinite nmnber of measurements would be required to approximate 
the true value, but practically one must be content vith a few measurements 
which will provide an estimate of the variation so that one can define the con- 
fidence wLich may be placed in an obtained value. 

The following scheme defines the relationship between sources of variation as 
determined for the present data: 

({ variation in method (<Sjr) 

intra-individual variation 
(Sp) 

inter-individual variation 
iSa) 

Estimations of method and test-retest variations have been made from the 
duplicate series using the formula; 


S.E. = S-y/ 1 — ru 
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wliere S is the average standard deviation for the tvo series and ru is the corre- 
lation between the duplicate series.* 

Calculations of iSin were made from duplicate series of determinations from split 
samples in the cases of per cent oxygen and CO2, and blood lactate. That for 
heart rate was determined by correlating series of simultaneous stethoscope and 
electrocardiotachometer counts. The error of ventilation was estimated from 
calibration figures, and that for respiration rate was assumed to be one-half a 
respiration. The error for oxygen consumption was calculated from the com- 
bined errors of ventilation and per cent oxygen. The errors for ventilation, 
oxygen consumption and respiration rate, which alone were not directly deter- 
mined, have been made conservatively large. 

Since two tests were made on each indi^ddual, So was similarly calculated to 
express test-retest variation. Here, ru is the conventional test-retest reliability 
coefficient, combining variation due to method and that due to unaccounted 
da5’'-to-day changes in the individual. It should be stressed that both tests 
were identical in the duplicate series, and well defined changes in the fitness of the 
subjects, such as those due to illness, fatigue, etc., from test to retest were ex- 
cluded. Then, since no correlation need be assumed between So and Sm: 

Sp = Vso" - Sm^ = the net intra-individual variation. 

Since the total variation is known from the standard deviations of the measures 
for the entire gi’oup, one may similarl3’’ calculate: 

So = ■\/ St^ — So^ = the net inter-individual variation. , 

; 

The data are given in table 1.® In all cases where duplicate pairs of values 
were obtained, these were averaged for use in the subsequent treatment. Thus, 
duplicate samples of oxygen, COo and blood lactate were averaged to give the 
values considered characteristic of that experiment. Corresponding test-retest 
measures on the individual were averaged for all functions to yield a measure 
considered to be characteristic of the indi\ddual for intercorrelation between the 
functions and with the criterion. The data in table 1 show, fii’st of all, that 
variance due to method is usually less than one per cent of the total v’^ariance, 
and even in the case of submaximal blood lactate (6 per cent) it is far less than 
the other two classes of variance. Most noteworthy is the generally large intra- 
indi\ddual variance. Since test reliability is an inverse function of the com- 
bined variances of method and intra-individual, it is clear that the latter is by 
far the greatest source of test unreliabilit3^ The respiratoiy measures taken 
during the walk, with the exception of respiration rate, show about the same 

- This formula gives the standard error of a measurement (Peters and VanVoorhis, 1940). 
-The distinction between ru, the correlation between different forms of the same test, and 
m, the correlation between two administrations of the same test, which Ivelle 3 ’' (1924) has 
stressed for mental tests is hardh' applicable for phj'siological tests where elements of 
voluntary control and learning are negligible. •%/ m may therefore be considered an esti- 
mate of the correlation between an obtained measure and the “true” measure (the mean of 
an infinite number of observations) . >5 \/i — ru is the standard error. 

2 Variation has been converted to variance (S*) in expressing percentages. 
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intra-indhadual-as mter-individual variance, but for lactate and heart rate the 
ratio is about 1:4. In maximal exercise, however, there is a substantial gain in 
the inter-indi%ddual variance of the resph'ator}' measures, vith the exception 
of ventilation which, vith heart rate and blood lactate, shows essentially un- 
changed proportions. 

The foregoing comparison of variances is useful in a number of ways. It 
directs attention to the large intra-individual variation which is the greatest 
source of test unreliability because in the usual situation it serv’-es only to detract 
from the differentiating effectiveness of the test. Such intra-indmdual varia- . 
tion, unaccompanied by any tangible change in the fitness of the individual, 


TABLE 1 



(1) 

Time-run (minutes) 

8.2 

4.5- 13.0 

0.95 








(2) 

Heart rate (beats/min.) 

130.6 

108 -153 

0.78 

-0.56 

11.18 

5.29 

0.87 

0.6 

21.8 

77.0 

(3) 

Blood lactate (mgm %) 

32.2 

13 -01 

0.77 

-0.44 

11.44 

5.44 

2.80 

6.0 

16.6 

77.4 

(4) 

Besp. rate (resp/min.) 

"24.3 

13 -35 

0.02 

-0.21 

5.35 

3.28 

0.50 

0.8 

30.8 

02.4 

<5) 

A'entilation (liters/min.) 

32.3 

22 - 40 

0.49 

-0.50 

3.63 

2.59 

0.20 

0.3 

50.5 

49.2 

(6) 

Per cent oxygen 

5.20 

4.5- 6.4 

0.50 

0.34 

0.438 

0.289 

0.020 

0.4 

43.2 

56.4 

(7) 

Per cent carbon dioxide 

4.30 

3.9- 4.9 

0.42 

«nTj| 

0.273 

0.208 

0.026 

0.9 

58.2 

40.9 

(8) 

Oxygen consum. Oiters/min.) 

1.05 

1.2- 2.0 

0.59 


0.169 

0.108 

0.013 

0.3 

40.2 

59.5 

(0) 

Body -weight (kilos) 

73.8 

00-91 


BB| 







Maximal Exercise 


Heart rate 

198.1 

188 -212 

0.81 

0.01 

7.31 


0.87 

1,4 

17.0 

61.0 


Blood lactate 

217.6 

117 -328 

0.71 

-0.14 

57.6 

30.9 

10.3 

3.2 

26.1 

70.7 


Besp. rate 

49.6 

32 - 62 

0.S9 


7.43 

2.43 


0.4 

10.2 

£9.4 


A’’entilation 

101.1 

79 -125 

0.53 

Milq 

10.94 

7.47 


0.03 

46.6 

53.4 


Per cent oxygen 

3.38 

2.5- 4.1 

0.81 

0.45 

0.420 



0.6 

18.3 

81.1 


Per cent carbon dioxide 

3.98 

3.1- 4.6 

0.70 

0.44 




0.4 

29.2 

70.4 


Oxj'gen consumption 

3.48 

2.8- 4.1 

0.70 


BS 

BB 

0.013 

0.1 

30.4 

09.5 


must at the present time be considered an obstacle to the reliable determination 
of the prevailing fitness of the individual. Alost of the measures, which are of 
low reliability in the submaximal exercise, are improved when taken during 
maximal exercise. Ventilation, however, is of low reliability in both forms of 
Avork. It is clear that in the search for measures of fitness as much attention 
must be given to reliability of measures as to intrinsic validity. 

Comparison of responses io submaximal and maximal exercise. Determinations 
of resting functions Avere omitted from this study because other unpublished 
obseivations in this laboratoiy indicate very Ioav correlations between the func- 
tions studied and mea.sures of exercise tolerance. In general, this is borne out 
b}' the literature (see, for example, luiehr et oh, 1942). 

The mean A'alucs in table 1 .‘^how the .submaximal exercise to Ijc in the category 
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of "liavd work” bj’’ Dill’s (1936) standard. Heart and respiration rates and 
blood lactates are about double, and ox3^gen consumptions and ventilations are 
over four times commonlj’- accepted resting values. Maximal values for heart 
and respii'ation rates are 3 to 4 times resting, wliile those for ventilations, oxygen 
consumptions and lactates are 13 to 14 times resting. These averages are 
slightlj’- higher than those for 3mung men in exhausting work summarized by 
Robinson (1937). 

^'ariations about these mean values, however, are very striking as shov/n by 
the ranges and standard deviations (St) in table 1. Lactates are most variable 
both in submaximal and maximal exercise. The significance of these dispersions 
has been discussed above in relation to method, intra-individual and inter- 
indmdual sources. We now concern ourselves vfith this variation from the 
standpoint of inter-correlation between the measures and vdth the time-run 
criterion. 

• The possibilit3’’ of predicting time-run from submaximal measures may be 
examined in the’ zero-order correlations with the criterion (table 1). In general, 
these correlations, which range from —0.56 for heart rate to 0.06 for per cent 
COo, indicate a tendency in the fitter subjects to perfoim the submaximal work 
at a lesser “ph3^siological cost.” The less fit men had higher heart rates, respira- 
tory rates, blood lactates, ventilations ^d oxygen consumption. The extent 
of these differences, however, is not great and oxygen consumption, representing 
gross mechanical efficiency, is only slightly higher in the weaker subjects. Per 
cent oxygen, an index of the' efficiency of respiration, correlates positively with 
time-iim wlule body weight and per cent CO2 are insignificantly correlated with 
the criterion., Respiratory quotient, wliicli under these circumstances is too 
strongly affected by blood gas displacement to be representative of catabolism, 
has been evaluated by the semi-partial correlation.^ The correlation is —0.27, 
showing' a slight tendency toward greater CO2 displacement in less fit subjects. 

Of the submaximal measures, only three have high enough correlation with 
time-run to offer promise of a prediction; they are heart rate, blood lactate, and 
ventilation. The possible multiple corVelations, invol’ving these three variables 
and the criterion, have been computed -vrtth the foUoAving results:® 

Ru23) = 0.57 

-Ki(25) — 0.63 i7l(235) = 0.63 

Ri(.35) = 0.58 

'* Tlie Franzen (1928) semi-partial states the r between two measures when the influence 
of a third has been removed from one of them. Since we know the correlations between 
per cent O 2 and per cent CO 2 and the criterion , we are here interested in the properties of their 
ratio. This is best treated by correlating CO 2 , from which' the influence of O 2 has been re- 
moved, with time-run. 

Thus, 

Vl — r^y 

where, x = per cent CO 2 
y = per cent O 2 
z = time-run. 

® See table 1 for subscripts. 
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Since heart rate and ventilation alone yield a multiple of 0.63 it is clear that 
lactate does not add significantly to the battery because when it is included the 
multiple does not rise. A multiple correlation of 0.63 will not satisfactorily 
predict the criterion when it is considered that the standard error of such pre- 
diction, (Si-\/l — W), is 1.7' minutes, 58 per cent of the variance of time-run. 

In contrast to submaximal the responses to maximal exercise tend to be insig- 
nificantly correlated with time-run. This is true for heart rate, respiratory rate, 
ventilation and blood lactate. The evidence is that each subject ran to his 
individually peculiar maximum value, .which has little relation to fitness. The 
length of time he was able to run is the essential variable. On the other hand 
per cents O 2 and CO 2 and oxygen consumption in maximal work show low but 
positive relationships with the criterion. The change in these relationships from 
submaximal to maximal exercise is instructive. Per cent O 2 rose from 0.34 to 
0.45, per cent C02from 0.06 to 0.44, and oxygen consumption from —0.20 to 

0. 39. This last finding is of particular interest. In submaximal exercise the 
correlation between oxygen consumption and body weight was 0.71, and with 
weight partialled out, r( 8 , 9 )i is —0.23, but slightly higher than ris. In maximal 
exercise the oxygen consumption correlation with weight drops to 0.43 and 
r( 8 . 9 )i rises to 0.46 and changes sign. This means that in submaximal exercise 
oxygen consumption is chiefly a function of body weight, and onlj’’ slightly 
related to fitness as shown by the small negative correlation with the criterion, 
but in maximal exercise the relation with weight drops markedly and the corre- 
lation mth the fitness criterion increases very considerably. Those subjects, 
regardless of body weight, who were able to run longest were those who could 
reach higher oxygen consumptions in spite of no higher ventilations, heart and 
respiratory rates, and blood lactate accumulations. The}’’ were able to transport 
and consume oxygen at higher rates. 

Figure 1 displays the average heart rate for four groupings of the subjects 
selected from quartiles of the time-run distribution. The most noteworthy 
feature in this figure is that the shape of these curves during the run is the only 
valid differential between the heart rates of the four groups. It is true that 
group I, composed of the fittest men, has a lower average heart rate throughout, 
but at several points in the experiment the other groups change rank order of 
mean heart rate. Only during the run are the cuiwes segregated in proper rank 
order, but even here if the data are treated without regard to gi-ouping, the 
correlation l^etween absolute heart rates and the criterion is only moderate, 

1. e., this correlation at three minutes of running, which is the latest point at 
wliich all cases can be included, is —0.56. Similar correlations at other points 
in the routine are as follows: walk, —0.56; 2 minutes after walk, —0.21; 5 min- 
utes after run, —0.14; and 15 minutes after the run, —0.09. Absolute levels of 
heart rate therefore arc of limited validity. 

The trend of heart rate during the run, however, does offer valid relationships. 
Cubic equations® have been developed for each of the experiments on 29 sub- 

® Of the tj'pc : y ~ a + -h where the ordinate (F) is heart rate and the 

ai)=oissa (X) is time from tlie beginning of the run. 
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jects, (2 cases were eliminated because of incomplete heart rate data) and 
various functions of the fitted cun^-es correlated with time run. The most 
stiildng difference between high and low fitness subjects is the lower, flatter, 
and straighter curves of the foimer. Acceleration at the 2nd minute of the run, 
expressed by the second derivative of the cubic fit, compiises an index of the 
extent to which the high ranking men displayed a lesser change in the rate of 
increase of heart rate.^ This function, combined with heart rate at the mid- 
' point of the run and submaximal heart rate, provides a highly valid battery. 



(MINUTESI 

/ 

Fig. 1. Average heart rates for four fitness groups. 


The zero-order and multiple correlations and regression equations are given in 
the following tabulation: 


' SUBSCRIPT 

1 

MEASURE ! 

CORREI^TION WITH TIME- 
RUN (1) 

STANDARD REGRESSION 
COEPPiaENTS 

1st test 

2nd test 

1st test 

2nd test 

(2) 

Acceleration 

0.77 

0.78 

0.7264 

0.7778 

(3) 

Submaximal rate 

-0.47 

-0.53 

-0.5781 

-0.5151 

(4) 

Bate at midpoint 

-0.08 

-0.11 

0.2894 

0.4782 


Bi(23) 

0.87 

0.82 




Bi(234) 

0.90 

0.91 (inherent regressions) 


Bi (230 

0.89 

0.89 (alien regressions) 


' TJiis function is negative in all cases, that is, all of the men showed a decrease in the 
rate of heart rate acceleration at the 2nd minute. But the fitter subjects h£^d a lesser slope 
in heart rate (first derivative) and a lesser negative change in this slope (2nd derivative) . 
The double negative has for the sake of simplicity been dropped and acceleration, the 
change in slope, given a positive sign. 
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It is noted that the three measures yield a multiple correlation of about 0.90 
•with the time-run criterion, accounting for 82 per cent of the variance in the 
latter function. The stability of the regression coefficients is best judged by 
applying them to alien samples of data. In the present case the coefficients 
computed for 2nd test data were applied to 1st test data, and vice versa. Such 
alien regressions deliver substantiallj’- as high multiples as the inherent regres- 
sions, attesting to the stability of the inter-relationships from experiment to 
experiment. The reliability coefficient for this battery is 0.80 and when 
one extremely divergent case is removed, it rises to 0.90. 

Mean curves of respiration rate for the four groups, sIioyti in figure 1, display 
the same general dispersion as heart- rate, but tend to increase linear^ after two 
minutes of running. The respirator 3 >- rate of the fitter subject increases at a 
slower rate, but reaches about the same maximal value as the unfit subject, as 
■^^^ll be recalled from the insignificant con-elation between maximal respiratory 
rate and time-run. Curves for ventilation during the run have not been repro- 
duced here because thej'’ are irregular and the segregation between the groups 
is not clearcut. That for group IV rises steepb*^ to the maximum, but the other 
groups have practically superimposed curves diverging irregularly in the last 
minutes of the run. 

The physiological interpretation of the diffei-ences in response between those 
who ran for only a short time and those who reached large outputs is in general 
outline fairlj^ simple. Since the work was gradually increased throughout the 
run no one could attain an absolute steady state. Rather subjects reached 
relative degrees of adaptation which permitted them to continue for var 3 dng 
lengths of time. Weak subjects tended rapidlj’- to excessive ventilation, respira- 
tory and heart rates, and blood lactates while strong subjects were able to attain, 
at least during early minutes of the inn, a relative state of adaptation which 
postponed the approach to maximal and exhausting levels of function. These 
relations are best shovn bj’- the heart rate trends where the mathematical proof 
is convincing. 

Discussiox. The difference in time-run between subjects, as far as oxygen 
consumption is concerned, can be explained on the basis of greater circulatory 
reseta-e. If in respect to oxygen transport we consider heart rate, stroke volume 
and arterio-venous oxygen difference to be the first, second and third factors 
in circulatory reseiwe, maximal heart rale, which does not correlate with the 
criterion, can at once be eliminated as a variable, and attention centered upon 
differences in stroke volume and arterio-venous oxygen difference. It has been 
shown bj' Henderson et al. (1927) that increase of stroke volume on exercise is 
least in non-athletes, intermediate in an “active” group, and pronounced in 
competitive athletes, and Christensen (19.37) has reported a veiy significant 
increase in stroke volume in one subject after a period of ply-sical training. 
Recentl}', Liljestrand et al. (1938) found that while stroke volume rose from 
78 to 88 cc. in a group of 12 subjects as work-load was increased from 720 to 
1260 kgm-min., two of these subjects whose stroke volumes did not so increase 
al.«o did not undergo mcrea.«e of oxj'gen cons\imption. Regarding arterio-venous 
oxygen difference, these authors found no appreciable increase of this function 



J 

EXERCISE, PHYSIOLOGICAL VARIATIONS AND TOLERANCES 209 

in the heai^’^ over the moderate work where it had already reached the value 
of 147 cc. per liter. This indicates that the peripheral ch’culatory adjustments 
approach a maximum in moderate Avork and have little further capacity to 
increase. The writer knoAvs of no eAudence on the extent of indiAudual differ- 
ences in arterio-A-enous oxygen difference in exhausting Avork. One can only 
speculate on the possible roles of arterial saturation, and competition betAA^een 
the heat-loss and oxj^gen-transport duties of the blood in determining critical 
individual differences in this third factor in circulatory reserve for maximal 
exercise. But it is quite certain that the second factor, stroke Amlume, is a 
significant differential in fitness for exhausting AA'ork. 

Per cent oxygen remoA^ed from the respired air has appeared as an index of 
respiratory efficiencj’’ under various guises in the literature. The “kalorischen 
Ventilationsquotienten” of Simonson (1926), the “oxygen absorbing poAA^er in- 
dex” of Brice (1939), and the ‘Ventilatory efficiency index” of Barman et al. 
(1942) are essentially equh’-alents of this measure. In submaximal exercise 
per cent oxygen correlates 0.33 Avith the criterion, but Avith ventilation partialled 
out, it is of little significance O' (7.5)1 = 0.14). In maximal exercise its correlation 
AAith the criterion (r = 0.45) is slightly increased AA’hen A’-entilation is partialled 
out (r (7.5)1 = 0.47). Percent oxygen may therefore be said to have moderate 
validity AA'hen taken under maximal conditions. It seems unlikely that the 
perfect rank order correlation obtained by Barman et al. betAveen their index 
and a criterion of fitness could haA’^e resulted unless their eight subjects AA^ere 
carefully selected. 

The present data may also be used to assess the A'alidity of the “oxygen pulse” 
as a measure of fitness. This index, first introduced by Henderson and Prince 
(1914), is the oxygen consumed per heart beat. Recently, Kibler and Brody 
(1943) have shoAAm that oxygen pulse per unit of body Aveight is constant AAuthin 
narroAA’' limits over a range of mammals from the mouse to the elephant. They 
suggest that intra-species A'-ariations in the ratio may be used as a measure of 
“muscular-AA^ork capacity.” Since in the present data both heart rate and 
oxygen consumption are correlated AAuth the criterion and Ave are interested in 
the quality peculiar to their ratio, again the semi-partial has been used. Values 
for ?• (8.2)1 a,re —0.03 and 0.40 for submaximal and maximal Avork respectively. 
The former is insignificant and the latter is approximately equal to the validity 
of oxygen consumption, indicating that the ratio has no independent significance 
in these data. 

Even if it is assumed that the greater oxj’-gen consumption of the fitter sub- 
jects in maximal Avork, indicating greater circulator3'^ reserve, correlates to the 
extent of 0.55® AA’ith the criterion, only 30 per cent of the variance has been 

® When the correlation betiA^een oxygen consumption and time-run is corrected for un- 
reliability, the r rises to 0.55. The formula for this correction is: 

_ 

Vrn-rsa 

Avhero, is the obtained correlation and, 

ru and rss are the reliability coefficients. 
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explained. There arc other basic differences to be discovered. Many of these 
inhere in the neuromuscular mechanism and do not appear to be represented in 
the general circulatory and metabolic response. There are qualities of muscular 
strength and stamina which differ significantly among individuals. As evidence 
of this, the correlation between a modification of the Behnke “muscle endur- 
ance” test,® which was given to our subjects, and time-run on the treadmill is 
0.78. Jud^ng by heart rate, and by other subjective and objective signs, this 
test scarcely taxes the general oxygen transport mechanism, but scores are 
determined by more localized neuro-muscular endurance. Only when such 
factors can be determined and brought into the analysis can the theoretical 
explanation of difference in time-run be fully made. 

The very high correlations between heart rate curve functions and the cri- 
terion (0.90) indicate that a pattern of cardiac adaptation to exercise has been 
discovered. This is of greatest practical importance, because it points the way 
to a practical test of fitness. But the heart rate pattern should be looked upon 
as a sensitive indicator of the trend of adaptation to the exercise, an integral of 
many Imomi and unknomi differences, affected bj’- respiratory and neuromuscu- 
lar factors as well as those intrinsic in the heart action itself. 

Respiratory and metabolic measurements during rest and recovery have been 
omitted from the present series, because the literature has been consistent in 
demonstrating no considerable relationship between fitness and these functions. 
Knehr et al. (1942) have shonm that the I’ecoverj’- curve of heart rate after 
exhausting work is essentially unchanged by hard physical training. It has 
been seen that the inter-individual comparisons of heai’t rate following maximal 
exercise in the present study (fig. 1) likewise offer no promise for a reliable 
measure of fitness as determined by time-run. Recovery of heart rate during 
the first three minutes after the submaximal walk is likevdse unpromising. It is 
true that the group I cuiwe is distinctly lower during this period and is also 
somewhat lower during recoveiy from the run, but the lack of consistent differ- 
entiation of the other groups invalidates the recovery function, which has been 
advocated as a measure of fitness by Johnson et al. (1942), Schneider (1920) 
and Hambly et al. (1925). Similarly Gefnmill et al. (1930, 1931) were unable 
to find reliable differences in recovery ventilation and oxygen consumption after 
training in light and heavj’' physical exercise. It seems clear that one must 
look to the responses during exercise, particularly the later phases of adaptation, 
for critical measures of fitness for hard work, not to the resting or recover^'" states. 

SUMALARY 

Thirty-one subjects have been given a test tnice, consisting of a four minute 
walk on the treadmill and a run to exliaustion after a four minute interim rest, 
the retest following in three days. Heart and respiration rates, ventilation, 

® In this test the subject mounts an 18 inch stool at the rate of 40 per minute until no 
longer able to maintain the rate. The modification consists in adding weights f o the sub- 
ject as the test progresses and repeating it after a two-minute rest. The score id 
the summed times in the two spells of work. 
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blood lactate, per cents oxygen and CO2, and oxj^gen consumption Y'ere deter- 
mined during the wallc and during the last minute of the nm, and the first three 
of these Weasm-es throughout both walk and nm. From these data it has been 
possible to evaluate a, the sources of variation in the phj^siological measures, 
and &, then’ validity’’ as indicators of fitness. 

1 . Errors in method Avere directly determined in four of the measures and 
calculated from assumptions in 'the other three. Such errors are less than one 
per cent of the total variance in all measures except blood lactate. 

2. Intra-mdhddual variation, a prominent source of test unreliabilitj’’, ranges 
from 10 to 58 per cent of the total variance. In general, this intra-individual 
variation declines in maximal as compared to submaximal Avork. Heart rate 
and blood lactate AA’ere the most reliable submaximal measures, but are approxi- 
mated in maximal AA'ork by per cent oxygen and oxygen consumption. Ventila- 
tion AA’^as of loAA’- reliabilit}’’ in both, submaximal and maximal Avork, Avhile respira- 
tion rate became highly reliable in the latter form of exercise. 

3. Time-run in the maximal test is more reliable than any of the physiological 
measures, but it is closely approached by a batter}'- of heart rate measures 
including the second derivative of a cubic fit to the heart rate curve obtained 
during the run. 

4. The highest multiple correlation Avhich could be developed betAveen the 
best thi’ee of the submaximal measures and the time-run criterion was 0.63. 
Tavo variables alone, A^entilation and heart rate, equal this value. 

5. Three heart rate functions, submaximal, rate at midpoint, and the second 
derivative of the cubic equation, correlate 0.90 AAuth the criterion, and the sta- 
bility of this relation is proA^ed by cross-application. 

6. Heart rate, A'entilation, blood lactate and respiration rate at the maximal 
minute of the run sIioaa’’ no significant correlation Avith time-run, thus indicatiug 
that all subjects tended to reach individually varying ceilings, Avhich AA’ere un- 
related to the time of running. Per cents of oxygen and CO2, and ox 3 ’-gen con- 
sumption shoAv moderate correlation Avith time ran.' This tends to shoAV that 
fitter subjects AA'ere possessed of greater circulatory reserve. 

7. The validity of the “oxygen pulse,” per cent oxygen, and pulse recovery, 
as indices of fitness has been seriously questioned, and the conclusion reached 
that, AA'hile 30 per cent of the variance in time-ran can theoretically be explained 
on the basis of oxygen-transport capacity,. the remaining variance is yet un- 
accounted for., The high coraelation achieved betAveen time-ran arid the heart 
rate battery, AA’hich serves as a very reliable index of adaptation to maximal 
exercise, particularly the later phases of this adaptation, offers great promise 
for the deA'^elopment of a practical test of exercise tolerance. 
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It has been sho^vn by Johnson et al. (1, 2) that the feeding of fat to dogs 
increases the fz-agUity of their I’ed blood cells and causes an increased desti’uction 
of er 3 d;lu’ocytes as indicated by an increased bile pigment output. The hemo- 
Ijdic agents from fat ai’e pi’esumablj’’ soaps and fatt 3 ’' acids M'liich have escaped 
res 3 Tithesis into fat during absorption (3, 4). These workers were unable to 
detect any anemia due to fat feeding probably because the hematopoietic tissue 
z\'as able to keep pace with the increased er 3 d;lu’ 0 C 3 d;e destruction. 

The author has shovm that the daily feeding of choline hydrochloride to 
noi’mal dogs for five to seven days had no significant effect on their eiythrocyte 
counts (5). Recentl 3 '' it has been found (6) that the continued daily feeding of 
choline to dogs for 8 or more da 3 ’’S caused a significant depression of the red cell 
number, wliich appeared to be due to depression of erythropoiesis. The purpose 
of this investigation was to see whether choline administi’ation in addition to fat 
feeding would produce a rapid lowei'ing of the erythrocyte count. 

Procedure. Noiinal dogs wei’e maintained -on a basal adequate diet of 
Purina dog chow and rolled oats. Red blood cell counts, hemoglobin percentage 
(Hellige), hematocrit detei’minations, total leukocyte counts and readings of the 
icterus index were made on blood samples drawn from the saphenous veins of the 
dogs. Samples were drawn onU’’ when the animals were unexcited and in a 
resting, fah’l 3 ^ basal, condition — at least 18 hours after previous feeding or 
medication. 

. After normal control values had been determined on the blood, fat and choline 
feeding was commenced. Fat was given in the form of 60 grams of pure lard 
dail 3 ’-, which the dogs ate readil 3 '’ for a few days. Chohne hydrochloride was 
administered in dilute aqueous solution by stomach tube in the dosage of 10 
mgm. per kgm. of body weight, dail 5 ^ Four dogs, weighing from 8.7 to 12.2 
kgm. were used for this experiment. 

Lard alone was fed to tlwee normal dogs, and lard (additionally) was fed to , 
five mildly anemic dogs which had been receiving choline daily for three weeks 
prior to tliis procedure. 

Results. Figure 1 shows the effects of feeding fat and choline for two to 
four da 3 ^s to four normal dogs. It vdll jbe noted that the ei’ 3 dhrocyte numbers 
of three dogs were reduced b 3 ' 15 to 27 per cent twent 3 ’--four hours after the first 
dose of fat and chohne. Counts were not made on the fourth dog until after 
the third dail 3 ’- dosage. Hemoglobin and hematocrit percentages were I'educed, 

^ Research paper no. 549, journal series. University of Arkansas. 
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but not quite as greatly as the erythrocyte number, while totab leukocyte counts 
remamed fairly constant (not shown). Icterus index values which were deter- 
mined on three dogs are shown to have increased bj’- as much as four-fold (at the 
top of fig. 1). The cessation of fat feeding in two dogs resulted in rapid return 
of red ceU coimts to normal (long dashes, fig. 1), while the discontinuation of both 
fat and choline feeding (short dashes) also was followed by returns of the erj^h- 
rocyte numbers to normal in the other two dogs. 

The administration of 60 grams of lard to three dogs caused no significant, 
uniform changes in their erythrocjde counts; while the administration of lard 
to five dogs which had been made mildly anemic by daily choline-feeding for 
three weeks or more, simply caused fluctuations in the celLcounts. Since these 



lOtfiu 

So 
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Fig. 1. Effect of lard and choline feeding on the erj’throcj'te numbers of four normal dogs 
Long dashes indicate cessation of fat feeding. Short dashes indicate cessation of both 
fat and choline administration. Icterus index values on three dogs are given at top of the 
figure. 


last-mentioned findings do not contribute positive results, they are not shown 
graphically. 

Discussiox. The fact that erythrocyte numbers and hemoglobin were low- 
ered rapidly in these experiments (fig. 1) while the icterus indices were raised 
indicates that a hemolytic action is involved. In as much as the discontinuation 
of fat feeding allowed the cell counts and icterus indices to return to normal, we 
believe that the fat feeding is responsible for the increased rate of cell destruc- 
tion reflected by the decrease in erythrocyte number. Choline feeding alone 
does not cause a significant fall in erythrocjde numbers until it lias been admin- 
istered daily for 8 or more days (5, 4). Yet the simultaneous administration of 
choline is necessarj^ for fat feeding to lower the red cell count uniformly and 
significantly in these e.xperiments. We believe that choline acts as previously 
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postulated (6) by causing vasodilatation and improved blood and ox 3 '^gen supply 
to the bone marrow and thus depressing erythropoiesis. Although choUne alone 
cannot lower the erythi'ocyte count mthin 24 hours it may act as a weak brake 
which inliibits any acceleration of erythropoiesis wliich may normally follow the 
hemol 3 d:ic destruction of red cells. 

The hemolydic products of fat digestion which escape resynthesis to fat during 
absorption (4) would be able to lower the red blood cell count if such a “brake” 
(as choline maj’’ be) were to prevent compensatory erythropoiesis from keeping 
pace vdth hemolysis. Indeed, Dupee et al. (7) have shovm that a high fat diet 
causes bone marrow hyperplasia in dogs. 

We realize that there maj'- be other theoretical explanations of the role of 
choline in these experiments, but the postulated mechanism of action given above 
seems most feasible to this author. In pre\dous work (6) it appeared that 
choline depressed erytlmopoiesis bj’- a Vascular action, since atropine blocked 
its effect. 

We are aware of the fact that two of our dogs had initial red blood cell counts 
which were too low to be considered normal. They had been recently received 
bj' the laboratorj’’ and, in the absence of more acclimatized dogs, were used for 
this experiment. We do not believe that the initial low red ceU counts of the 
two dogs had anj’’ significant effect upon the general results obtained. 

CONCLUSIONS 

The dail}’- oral administration of 60 gi*ams of lard and 10 mgm. per kgm. of 
choline hydrochloride to four normal dogs caused rapid, significant reductions 
in their erythrocyte counts and hemoglobin percentages. In tlmee of the dogs, 
the eiythrocyte numbers were observed to be dinoinished by 15 to 27 per cent 
witliin the first 24 hours. Icterus indices were significant!}’" elevated con- 
comitantly. 

Discontinuation of fat feeding alone, or of both fat and choline administra- 
tion resulted in rapid returns of erythrocj'^te numbers to normal. 

These results are interpreted by' assuming that the choline acts as a brake on 
the bone marrow in preventing any great acceleration of erythropoiesis, while 
the fat furnishes hemolytic agents (perhaps soaps and fatty acids) which increase 
red cell destruction. 
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The response of normal nerve to sinusoidal alternating current has been 
'studied by a number of investigators (1, 2, 3, 4, 5, 6) . A number of quantitative 
treatments of the excitation data have appeared, for example that of A. V. Hill 
and his co-T,vorkers (5). This foim of current possesses certain characteristics 
which might be of value in the application of electrical stimulation to the treat- 
ment of denerv’^ated muscle (7). The present study was undertaken to obtain 
information regarding the responses of denervmted skeletal muscle to alternating 
current stimulation vith special reference to its application in clinical electro- 
therapy. 

Methobs. The gastrocnemius-soleus muscles of 5 dogs were dener\’'ated on 
one side by section of the sciatic nerve high in the thigh. A large segment of 
nerve was resected to guard against regeneration. Atweekly intervals following 
denen’’ation, the animals were anesthetized rrith nembutal and the responses of 
the gastrocnemius muscle to alternating current stimulation were studied. 
Since we were primarity interested in clinical application rather than in the 
quantitative verification of any pai-ticular theoiy of excitation, stimulation was 
performed as it would be done clinically. Percutaneous stimulation using 
usually the monopolar technique was employed. A large dispersive electrode 
was placed upon the shaved abdomen and a small (1.5 cm.) stimulating electrode 
was held against the bell}’- of the gastrocnemius. In some instances rats were 
used. In these animals, the gastrocnemius was freed from the surrounding 
muscles lea^dng its blood supply intact. The tendon was attached to an 
optically recording isometric lever; the femur was held in a rigid clamp. Stimu- 
lation was accomplished through two steel needle electrodes, one through the 
muscle belly and the other through the tendon. 

The apparatus employed for stimulation was a specially designed electronic 
generator which has been described in detail elsewhere (7, 8). Intensity read- 
ings always refer to "steady stimulation”. 

Results. 1. Frequency-intensity relation for mmimal slimulalion. Figure 1 
shows a tjqjical frequency-intensity curve for threshold stimulation. The 
curve for the 28 day deneiwated muscle is compared with a normal control curve 
taken on the same muscle 3 days preoperatively. Both cur\'es are U-shaped 
vith a more or less definite optimum frequenc}’. For normal muscle, the latter 
was found to be usually between 60 and 100 C3*cles per second under the experi- 
mental conditions emploj'ed in this study. For the 28 day denervated muscle, 
the optimum was found to be much lower and is approximately 0.75 cycle per 
.second. .'Another point of interest is the tendency of the normal cuivq to flatten 

‘ Aided In' a grant from tiie National Founiintion for Infantile Paralj'Bis, Inc. 
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out in the extremel 3 ’' low frequencj’- range. This is imdoiibtedlj’- related to the 
“breakdomi of accommodation” described b}’ Skoghmd (9). 

Figure 2 shows the response of the same muscle 40 da 3 ’’s after denervation . This 
curve is flatter on the low side of the optimum frequeuc\' than the 28 da}" cur\"e. 

2. The influence of the index of response upon the shape of the intensity -frequency 
curves. Figure 3 shows the shape of the frequencj'-intensit}' curves for a 42 da.v 
denervated muscle when three different indices of response were emploj’^ed. 
The lowest cuiwe represents tlmeshold stimulation of the unloaded muscle. An 
optimum frequencj’" exists at about 3 C 3 ''cles per second and the cuiwe is relativel 3 '' 
flat below the optimum frequency. The middle curve represents a maximal 
response in the same muscle lifting a 500 gram weight. B 3 ^ changing the index 
of response, the entire picture is altered. The optimum frequenc 3 ^ is now 25 
C 3 ’’cles per second and the curve rises steepl}' at frequencies below 10 C 3 ’'cles. In 
the upper curve, the muscle was made to lift a weight of 1000 granrs. In this 



Fig. 1 . Intonsit3'-frcqiieuc3’' curves for normal .and 2S-da3’ denervated gastrocnemius 
muscle of the dog. 

case the optimum frequenc 3 " is again 25 C 3 ’'cles but the curve rises even more 
steeply beloAV 10 C3'cles. 

Figure 4 represents a family of curves in Avhich the relative cmaent strengths 
for different indices of response are compared for several different frequencies. 
A 25 cycle current required about tvice the intensit 3 ' when index 2 3vas used as 
compared to index 1. For index 3, about 3.5 times the intensit}’’ was required. 
As the frequenc}' is lowered, the slope of the cun'es becomes much steeper so 
that at 0.25 C 3 ^cle, over 14 times as much current is required for index 2 com- 
pared to index 1. 

In figure 5. the relative current intensities required at different frequencies are 
compared to the intensit 3 ’’ required at 25 C 3 ’cles for different indices of response. 
At the higher indices this ratio increases marked!}'. In fact, in this particular 
experiment the 3rd index could not be attained with frequencies of 0.08 and 0.25 
C3'cles at 130 ma. which was the limit of intensit\' obtainable with our apparatus. 

The cirwes shown in figures 3, 4 and 5 are t 3 -pical of all the results obtained in 
the 5 animals which were studied. Similar result^ were obtained in rats. 
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Fig. 2. Intensity-frequency curves for normal and 40-day denervated gastrocnemius 
muscle of the dog. 

Fig. 3. Intensity-frequency relation in denervated dog gastrocnemius for different 
indices of response. Curve 1 == Minimal threshold (Index 1). Curve 2 = Maximal con- 
traction with 500 gram load (Index 2). Curve 3 = Maximal contraction with 1000 gram 
load (Index 3) . 




Fig. 4. Relative current strengths for different indices of response in denervated dog 
muscle. 

Fig. 5. Current strengths for different indices of response relative to that for a 25 cycle 
current. 
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Discussion. We are particularlj’’ interested in the application of these results 
to the interpretation of the mechanical response in denervated muscle and to 
the therapeutic use of electrical muscle stimulation in the clinic. We are not 
concerned at this time "vrith the quantatitive mathematical treatments of Hill 
and others (6), although certain general principles involved in these theories 
vill be referred to. ' 

It has been stressed (10, 11) that electrical muscle stimulation, in order to be 
of value in delajdng atrophy in denervated skeletal muscle, must produce 
vigorous contractions. It has also been stated that currents of sufficient in- 
tensity to produce vigorous contractions could never be employed clinically 
(11, 12). We have suggested (10) that a stimulus which produces a tetanic con- 
traction which closety simulates normal voluntaiy effort might be the best for 
electrical stimulation of denervated muscle, and we have shomi that this type 
of current at a relatively low intensity delays atrophy in the denervated gastroc- 
nemius of the rat (7). Recentty, the mechanism of the “slow contraction” of 
denervated muscle has received renewed attention (12). The results of the 
present study have a bearing on all of these phenomena. 

Bremer (13) thought that the slow reponse of denervated muscle was due to a 
“neuromuscular contracture”. More recent evidence, however, is against this 
interpretation. For example, Rosenblueth and Luco (14) and Doupe (12) have 
shown that the slow response is accompanied by conducted action potentials 
and hence is not a time contracture. Moreover, both Bremer and Doupe have 
shown that the slow response is obtained with currents of long duration or slow 
rate of rise and that it may be absent when brief, rapidlj' rising stimuli are em- 
ployed. It has been knovm for a long time (V. Kries, 1884 (15); Hoffman, 
1910 (16)) that slowly rising stimuli lead to repetitive discharges in normal 
amphibian muscle which greatly modify the size and form of the muscle contrac- 
tion. More recentfy, the same phenomenon has been shovm to occur in normal 
mammalian muscle (Schriever and Cebulla, 1938 (17); Granit and Skoglund, 
1941 (18); Skoglund, 1942 (9)). In terms of Hill’s theoiy,one might reasonably 
expect repetitiousness to occur readily in denervated muscle because the latter 
is a tissue of slow accommodation. In \aew of these considerations, Doupe sug- 
gested that the slow response in denerimted muscle was due to repetitiousness 
and that a constant or slowfy rising stimulus produced what amounted to a 
tetanic contraction. 

Against this concept is Bremer’s demonstration that the tension developed b}' 
the slow component never amounted to more than one-fifth of that of a maximal 
twitch. This meant that if a tetanus were responsible for the slow component, 
it involved only a small proportion of the muscle fibers or the indnidual fibers 
were contracting asynchronousfy at slow rates, or that there was some funda- 
mental difference in the tension developed in response to slow and rapid stimuli. 

From the practical point of \’iew, we are concerned vlth the mechanism of the 
response of denervated muscle to different forms of stimuli and its abilify to 
develop tension. For example, clim'cal physical-therapists reb" cbieHy upon the 
so-called “slow sinusoidal” currents for the stimulation of denervated muscle. 
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(This is the onlj" current they now have 'available on their generators 
which remotely approximates an appropriate stimulus for denervated muscle.) 
The question arises whether there would be any advantage in substituting a 
25 cycle current inasmuch as the slow sinusoidal type may produce a true 
tetanus as a result of repetitiousness. The results of this study give an answer 
to this question. 

It is clear that the abihty to develop tension is much greater when a frequency 
of 25 cj^cles per second is employed as compared to the “slow sinusoidal” type. 
In other words the contraction elicited by the 25 cycle stimulus can perform 
considerable work whereas the slow contraction elicited by the “slow sinusoidal” 
stimulus cannot. This means that if the slow sustained response obtained vnth 
the “slow sinusoidal” stimulus is tetanic in nature, it must differ in some waj- 
from that initiated by a 25 cj’'cle stimulus. 

I We believe that the slow response in denervated muscle is due to repetitive 
responses as suggested by Doupe (12). A clue to the difference in the nature of 
the tetanic response to slow sinusoidal current and that to a 25 cj’-cle current 
is found in the work of Skoglund (9). This author foimd that when action cur- 
rents were recorded from a group of mammalian motor nerve fibers, small spike 
potentials were easily obtained vith slowty rising currents of moderate intensity 
but in order to obtain large spike potentials, much greater current intensities 
were required with slowly rising stimuli. In other words, the accommodation 
curve constructed when large spikes were used as an index were much steeper 
than when small spikes were selected as the index of response. This finding is 
exactly analogous to our results with alternating current. As the index of re- 
sponse was increased, the slope of the curr'^e on the low side of the optimum fre- 
quency became much more steep corresponding to the steeper accommodation 
curve noted by Skoglund. The threshold for grouped or S 3 ’nchronized responses 
appears to be very'^ high when slowly’- rising stimuli are employed. 

TS^iat are the practical implications of this phenomenon in relation to electro- 
therapy? First it should be realized that the fundamental nature of the muscle 
response to different forms of stimuli may be veiy different and that the nature 
of the response may^ have significance in regard to the success or failure of 
elcctrotherapy^ Secondly', if it is true that in order to accomplish satisfactoiy 
results with electrical muscle stimulation strong vigorous contractions must be 
produced, the type of stimulus to be used becomes very'^ important. For example, 
a 25 cycle current will usually produce a maximal response in a denervated muscle 
loaded vith 1000 granxs at an intensity' of only 10 to 15 ma. This intensity' is 
very' easily tolerated. On the other hand, a “slow sinusoidal” stimulus of over 
125 ma. was often unalfie to produce one quarter of a maximal response in the 
same muscle. Hence the statements (10, 12) that current intensities sufficient to 
produce vigorous contractions could never be used clinically' does not appear to 
be true if care is exercised in selecting the current for stimulation. 

SUMMARY AND CONCLUSIONS 

1. For threshold stimulation with alteraating current, denervated muscle 
has an optimum frequency in the neighborhood of 1 to Z cycles per second. 
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2. The optimum frequenc}" aud the slope of the intensitj'-frequency curve is 
a function of the index of response chosen to evaluate it. When the muscle is 
called upon to do considerable work or exert considerable tension, the optimum 
frequency is about 25 cj’^cles per second and the slope of the cuiwe below this point 
becomes very steep. 

3. The relation of these results to the interpretation of the mechanical 
response in denervated muscle and to practical electrotherapy is discussed. 
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The literature is not in agi-eement regarding the effect of the electrical stimula- 
tion of denen^ated skeletal muscle on its rate of loss of weight and strength (1). 
Some investigators have observed that the rate is retarded (2-5) and others 
have observed either no effect or an unfavorable effect (6-8). This studj’’ was 
undertaken with the idea a, that the most appropriate electrical stimulus for 
degenerating muscle has not lieen deteimined and applied, and b, that a type of 
current could be found which would produce a smooth tetanic contraction of 
deneiwated muscle vithout causing normal muscle to contract and vithout 
causing pain. 

The electrical stimulating apparatus used in this study has been described in 
detail elsewhere (9). It is a vide frequency range electronic generator vith a 
frequency range of from 0 to 150,000 cycles per second. With it many wave 
forms of var}’’mg intensity may be generated. 

Methods. Adult albino rats were used. They were kept in individual cages 
with a thick layer of shavings on the bottoms. In spite of every reasonable 
precaution, many of the deneiwated animals developed severe trophic ulcers on 
then feet and had to be discarded. These animals showed a marked tendency 
toward eating their own feet, a difficulty which has been encountered by other 
workers. The sciatic neives were sectioned bilateralh' under ether anesthesia. 
A large segment of the neiwe w'as resected to guard against regeneration. The 
gastrocnemius muscle of one side w'as given daiW electrical stimulation and the 
other side served as a control. 

Stimulation was carried out under light ether anesthesia, the leg being held 
in a special clamp and the foot loaded with a 20 gram weight. A small (0.5 cm.) 
stimulating electrode was held against the belly of the gastrocnemius and a large 
dispersive electrode was placed on the abdomen. The current intensity was 
adjusted to yield maximal contractions. Different frequencies w’ere used. 

At the end of a specified period, the animals were saciificed, the gastrocnemius 
muscles dissected out and immediatelj’’ weighed. In all instances the nerves were 
traced to make certain that continuity had not been re-established. Twenty- 
fomr hours were allowed to elapse between the last period of stimulation and the 
sacrifice of the animals in order to avoid errors due to any transient change in 
muscle weight which might result from changes in blood flow or water content 
during stimulation. 

Resitlts. 1. Control series. To permit an accurate evaluation of the results 
of electrical stimulation, it is first necessan.' to know a, the difference in the 
weight of the normal gastrocnemius on the right and left sides of the same 
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(normal or intact) animal, and h, the difference in the rate of loss of weight on the 
right and left sides of the same animal following bilateral sciatic section in the 
absence of electrical stimulation. The results of these control studies are given 
in tables 1 and 2, It vdll be seen that the right and left gastrocnemius muscles 
of the same animal may differ in weight by 0,4 to 4.7 per cent with an average 
difference of 1 . 76 per cent. The difference in weight favored the right side with 
about the same frequency as the left. The average weights of the right and left 
sides for the entire group of animals were coincidentally exactly equal. From 
table .2 it vdU be seen that the maximum difference in weight between coiTespond- 
ing pairs of untreated denervated muscles was 5.7 per cent and the average differ- 
ence about 2 per cent. 

TABLE 1 


Normal rats to show difference in weight of right and left gastrocnemeii and relation of 
normal muscle weight to normal body weight 


BODY WEIGHT 

t 

■WT, GASTROCNEinUS 


AVE. vrr. 

(snrsctE wt./body 

Right 

Left 

Right 

Left 

Ave. 

196 

ISi 


■9 


0.566 

mi 

0.565 

239 

mm 


mam 


0.580 


0.577 

202 

mm 


0.4 

■19 

0.576 


0.578 

185 

1.000 


5.0 

1.025 

0.541 

mm 

0.554 

190 

1.130 


1.8 

1.140 

0.594 

0.605 

0.600 

' 200 

1.140 

1.110 

2.6 

1.125 

0.570 

0.555 

0.562 

218 

1.175 

1.185 

0.8 

1.180 

0.540 

0.544 

0.541 

213 


1.170 

4.7 

1.198 

0.575 

0.550 

0.562 

284 


1.650 

1.2 

1.640 

0.574 

0.581 

0.577 

240 


1.375 

3.4 

1.352 

0.554 

0.573 

0.563 

256 

1.665 

1.635 

1.8 

,1.650 

O.B50 

0.639 

0.644 

Ave. 220 

1.269 

1.269 

m 

1.269 

0.575 

0.575 

0.575 


Left side heavier in 6 of 11 or 54.5 per cent.* 

Right side heavier in 5 of 11 or 45.5 per cent. 

By coincidence the average weights were identical. 


Comment. These results pro’vdde a basis for the evaluation of electrical stimu- 
lation. We should be justified in attributing any difference in weight of 1 per 
cent or more to the effects of the treatment employed. These control figures 
agree well vdth the findings of Langley and Hashimoto (10) in the rabbit. They 
found that 75 per cent of normal muscle pairs differed in weight by less than 4 
per cent and in 92 per cent of cases by less than 6 per cent. Three weeks after 
dener\’-ation, 73 per cent of corresponding muscle pairs differed in weight bj' less 
than 6 per cent. 

Figure 1 shows the average rate of weight loss in the untreated deneiwated 
gastrocnemius muscle of the rat. The experimental curve corresponds closel}^ 
to the equation of Knowlton and Hines (11): 


I = 


D 


log 


85.5 


1.5 85.5 - X 
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T.ABLE 2 

Denervaicd rats to show the difference in the rate of weight loss on the two sides of the 

same animal 


GASTROCNEMIUS W 


t. 


(MUSCI.E -WT./BODV ■WT.)’^'“ 


PE.S-ERVATED 

Body WT. 

Right 

Left 

%diff. 

Right 

Left 

Ave. 

%of 

nonnal 


gms. 








5 

212 

1.175 

1.195 

1.7 

0.565 

0.574 

/ 


5 

283 

1.425 

1.435 

0.7 

0.505 

0.509 



5 

258 

1.255 

1.290 

2.8 

0.487 

0.500 



5 

215 

1.070 

1.020 

4.9 

0.498 

0.475 



iMean 

242 

1.230 

1.232 

2.5 (0.2) 

0.514 

0.514 

0.514 

89.4 

10 

190 


0.665 

0.8 


IB 



10 

202 


0.850 

2.3 

0.439 

IBI 



10 

218 


0.930 

1.1 

0.431 

0.426 



10 

176 


0.755 

0.0 

0.429 

0.429 



Mean 

196 

0.806 

0.800 



0.408 

0.410 

71.3 

15 

192 


0.540 

1.9 

0.276 




15 

196 


0.690 

1.5 

0.347 

0.352 



15 

208 

0.650 

0.650 

0.0 

0.313 

0.313 



15 

228 

0.705 

0.750 

5.7 

0.309 

0.328 



Mean 

206 

0.641 

0.657 

2.3 (2. .5) 

0.311 

0.319 

0.315 

54.8 

20 

227 


0.600 

2.6 

0.25S 

0.264 



20 

236 

0,625 

0.625 

0.0 


0.265 



20 

252 

0.720 

0.730 

1.4 

0.284 

0.290 



20 

231 

0.605 

0.625 

3.3 

0.262 

0.271 



20 

258 

0.730 

0.730 

0.0 


0.283 



Mean 

241 

0.653 

0.662 

1.5 (1.4) 

0.270 

0.275 

0.272 

47.3 

25 

256 



2.0 

IB 

0.201 


• 

25 

226 



2.9 


0.228 



25 

238 

IB 

0.560 

0.9 

IB 

0.240 



Mean 

240 

O.oiS 

0.537 

2.0 (2.0) 

0.220 

0.223 

0.224 

39.0 

30 

276 

0.610 


2.0 

0.221 

0.225 



30 

282 

0.525 


3.8 

0.186 

0.202 



30 

358 

0.740 


0.0 

0.206 

0.206 



30 

330 

0.040 


6.2 

0.194 

0.206 



Mean. . . 

312 

0.029 

0.6.53 

3.0 (3.8) 

0.202 1 

0.209 

0.205 

35.7 


^■Vll€:re D represents the number of da 3 'S after denervation and X the percentage 
of weight loss. Tor our eolonj’', k was equal to 0.020 which is in fair agreement 
with the value of 0.029 obtained bj' ICnowlton and Hines (11). 
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2, Treated series. Several series of animals have been treated with electrical 
stimulation. The results are summarized in tables 3 to 6. 



Fig. 1. Hate of atrophj’- of the gastrocnemius muscle of the rat following denervation. 
Each e.xperimental point is the average of the number of observations indicated. 

Fig. 3. Comparison of the rate of atrophy in control muscles and in muscles stimulated for 
15 minutes daily with 25 cycle alternating current. 



Fig. 2. Optically recorded isometric myograms showing the genesis of tetanus in normal 
and denervated gastrocnemius of the rat stimulated with sinusoidal alternating current of 
different frequencies. 

lA — Normal; 25 cycles. IB — Normal; 10 cycles. 1C — Normal; 5 cj’^cles. ID — Normal; 
2 cycles. 2A — Denervated; 25 cycles. 2B — Denervated; 10 cycles. 2C — Denervated; 5 
cycles. 2D — Denervated; 2 cycles. 

Group A — cycle alternating current. Some of the theoretical reasons for the 
use of a low frequencj'- sinusoidal current have been considered elsewhere (1, 12). 
A frequency of 25 cycles was chosen for study because it was found in preliminary 
experiments that this frequency, when used to stimulate denervated rat muscle, 
produced a, a complete^'' fused smooth tetanic contraction as shown in figure 2; 
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TABLE 3 


Unilateral stimulation with 25 cycle AC for 10 minutes daily 


RAT NO. 

1 

1 

DAY 1 

SACRIFICED j 

BODV WT. 

GASTROCNEMIUS WT. 

As % OF BODY WT. 

% VITT. 

Initial 

Final 

Left 

Right 

Left 

j Right 

8 

1 

9 ' 

316 

278 

in 

1.33* 

0.45 

n 

+5.6 

4 

11 I 

394 

362 

wssm 

1.26 

0.46 ! 

WSm 

+33.3 

7 

11 

410 

371 

1.85 j 

1.91* 

0.50 

0.51 

+3.4 

1 

14 i 

317 

260 

1.11* 

0.91 

0.41 

0.35 

+22.0 

5 i 

14 I 

278 

244 

1.00* 

0.98 

0.41 

0.40 

+2.0 

6 

14 

268 

243 

1 0.93* 

0.85 

0.38 

0.36 

+9.4 

9 

14 

270 

253 

! 1.00* 

0.85 

0.38 

0.34 

+ 17.7 

10 

14 

208 

191 

0.88* 

0.62 

0.46 

0.32 

+42.0 


*■ Treated muscle. 


Summary 


NO- DAYS 

NO. RATS 1 

AVE. % WT. DIFF. 

9 

1 

+5.6 

11 

2 

+18.6 

14 

5 

+18.6 


TABLE 4 


Unilateral slinndalio7i with 25 cycle A.C.for 15 minutes daily 

(14 da5's) 


RAT NO. 

1 

DAY } 

SACRIFICED 1 

! 

! 1 

BODY WT. ! 

GASTROCNEillUS WT. 

1 As % OF B. W. 

% DlFF. 

Initial | 

; 

Final | 

Left 



Right 

1 

14 1 

274 j 

244 

; 0.91 

1.01* 1 

1 

j 0.37 

0.41 

+ 11.0 

2 

14 i 

255 1 

225 

1 0.85 ' 

1.12* 

i 0.38 

0.50 

+31.8 

3 : 

14 i 

321 

302 ! 

i 1.035 ! 

1.225* ! 

0.34 

0.41 

+ 18.3 

4 

14 ; 

232 

i 227 

1 1.130* 1 

0.810 

0.50 

0.36 

+39.5 

5 

14 i 

306 

i 270 ^ 

! 1.165* 

1.040 1 

0.43 

0.38 

+ 12.0 

6 

14 ! 

356 

310 

1.2.50* ! 

1.100 i 

0.40 

0.35 

+ 13.6 

7 

14 1 

232 

1 188 1 

0.930* 

0.760 ' 

0.50 

0.40 

+22.4 

9 

1 14 1 

356 

1 

1.250* 

1.100 I 

0.40 

0.35 

+ 13.6 

10 

i » i 

.318 1 

i 280 

1.280* 

1 1 

1.200 [ 

0.46 

0.43 

+6.7 


Siimmary 


DAYS 

1 

NO. RATS 

1 AVE. % DIFF. WT. 

1*1 

1 

9 

+ 19.6 


* Treated muscle. 

h, a maximal i.sometric temsion in comparison with currents of lower or higher 
frequencies; c, comparatively little or no stimulation of neighboring normal 
muscle at the required inten.sities. The current inten.sity required to produce 
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maximal contractions was 1 . 5 to 2 . 0 ma. The carrier frequenc}'^ was modulated 
by a “surging” mechanism to produce 40 contractions per minute. 

Table 3 shoATO the results of stimulation for a 'period of 10 'minutes daily. In 
each individual animal the treated muscle was the heaAder. If we consider anj^ 

TABLE 5 


Unilateral stivndation with 25 cycle A.C. for 15 minutes daily 

(28 days) . ' 


RAT NO. 

BODY WEIGHT 

GASTROCNEMIUS \\'T. 

As % B. w. 

% Dirr. 

Initial 

•Final 

Left 

Right 

Left 

Right 

1 

227 

204 

wm 

0.795* 

mlM 


-1-50.0 

2 

344 

300 

Krai 

0.855* 



-f48.8 

3 

234 

196 

msM 

0.525 

0.39 

0.27 

-1-45.7 

4 

226 

214 

EiB 

0.465 

0.42 

0.22 

-f93.5 

5 

296 

255 

1.005* 

0.660 

0.39 

0.26 

+52.4 

6 

266 

242 

0.530 

0.715* 

0.22 

0.30 

+35.0 

7 

190 

172 

0.540* 

0.370 

0.31 

0.22 

+46.0 

8 

182 

200 

0.530* 

1 

0.360 

0.26 

• 0.18 

+47.2 . 


Summary 


NO. DAYS 

NO. EATS 

AVE. % -wT. Dirr. 

28 

8 

+52.5 


* Treated muscle. 


TABLE 6 


Unilateral stimulation with “slow sinusoidal” ciirrent for 15 minutes daily 


RAT NO. 

7 

DAY 

SACRiriCED 

BODY -WEIGHT i 

GASTROCNEIUDS IVT. 

As%b.w. 

% DliT. 

Initial 

Final 

Left 

Right 

Left 

Right 

. 1 

14 

390 

35S 

1.26 

wM 

0.35 


+9.5 

2 

14 

230 

214 

0.81 


0.38 

■B 

+6.2 

3 

14 

352 

346 

1.42* 

1.27 

0.41 

0.38 

+11.8 

4 

14 

192 

174 

0.50* 

O.Gl 

0.29 

0.35 

-22.0 

5 

14 

400 

338 

1.27 

1.33* 

0.38 

0.39 

+4.7 

6 

14 

230 

216 

0.95 

0.80* 

0.44 

0.37 

-18.7 

7 

14 

378 

329 

1.32* 

1.35 

0.40 

0.41 

-2.3 

• 8 

14 

356 

334 

1.35 

1.48* 

0.40 

0.44 

+9.6 

9 

' 14 

310 

284 

1 1.12 

i 

1.12* 

0.39 

0.39 

0.0 


* Treated muscle. 


difference over 10 per cent to be significant, then the treatment produced a signifi- 
cant increase in weight in 3 of 5 cases after a period oi 14 days. 

Tables 4 and 5 show the results obtained with a 16 minute period of stimulation. 
After 14 days (table 4) the stimulated side was heavier in every case and a signif- 
icant increase in weight was produced in 8 of 9 animals. 
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After 28 days (table 5) the differences were very striking. A markedly signifi- 
cant increase in weight was produced in all eight animals. The increases ranged 
from 35 per cent to 93 per cent with an average difference of 52.5 per cent. 

Figure 3 compares the average rate of weight loss of the stimulated (15 min. 
period) and control muscles. In constructing this cuiwe, muscle weights were 
expressed in terms of percentage of bod3^ w^eight and compared with the nonnal 
■ gastrocnemius-body -weight ratio of 0.575 per cent. The latter figure represents 
the average of 70 normal rats or 140 separate muscles. These values ranged 
from 0.502 to 0.640 with a standard error of the mean of 0.004.^ 

The curi’’e of atrophj’’ for the treated muscles can be fitted to the same general 
equation as given above. In this case, k has a value of 0.010, compared to 
0.020 for the untreated muscles. 

Group B — “Slow sinusoidal" current as supplied hy generators now used clinically. 
Table 6 summarizes the results obtained -with a “slow sinusoidal” cmrent of the 
t3^pe supplied b3>’ most of the generators available for clinical use. A 15 minute 
period of stimulation -was used and 6 to 7 ma. of current ■v\^ere usuall3' required. 
Contractions -were produced at the rate of 40 per minute. With this current, 
the results obtained were much more variable . Of the nine animals in the group, 
the treated side was significantl3' hea\der in onl3’^ one instance, the control muscle 
■v\"as heavier in two cases, and in the remaining six animals there w'as no significant 
difference in w^eight bet^Yeen the control and treated muscles. 

Discussion. The results obtained in this stud3' show that stimulation -nith 
a 25 cycle alteraating current for a period of 10 or 15 minutes daily is markedly 
effective in retarding atrophy in the denervated gastrocnemius of the rat. This 
result is in agreement with the findings of Fischer (2), Solandt (4) and Hines (5) 
in the rat, and of Gutmann and Guttman (3) in the rabbit. The difference in 
w’eight between the treated and control muscles becomes much more marked as 
time elapses. Thus an average difference of 19.6 per cent after 14 da3"s increased 
to a difference of 52.5 per cent after 28 da3\s. If the logarithmic curves of atrophy 
which fit the data for the first 28 da3’^s continue to be followed, we w'ould expect a 
difference of some 80 per cent in the weights treated and control muscles after 
60 da3^s. 

We -^'ere unable to demonstrate a beneficial effect w’hen a so-called “slow 
sinusoidal” cun-ent, as supplied b3’' most generators now available for clinical 
use, w’as emplo3’^ed for a period of 14 da3's. In this we are in agreement -with 
Solandt (4) "ubo reported that 25 cycle sinusoidal cin-rent was more effective 
than galvanic cun-ent. At present, we have a series of animals under treatment 
with interrupted galvanic cun-ent. The series is not 3'et complete but in 5 
animals which have been folio-wed for 28 daA’S, the treated muscles averaged 12.5 
per cent heavier than their controls. These results indicate that this 131)6 of 
current ma\’^ be of some benefit but is inferior to the 25 C3'cle cunent. 

It thus appears that the t3*pe of current to be used in stimulating denervated 
muscle is not a matter of indifference. The question arises as to -wh}-- such a 
difference should exist. From certain theoretical con.siderations (1 , 12), we were 

5 These values are for the gastrocnemius alone, — the soleus is not included. 
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led to the conclusion that low frequency sinusoidal alternating current might be 
best for the stimulation of denervated muscle. 

Our experiments on the genesis of tetanus and the tension-frequency relation- 
ship in denervated rat muscle pointed to a frequenc}’- of about 25 cycles as the 
optimum. The t 3 rpe of response produced in denervated rat muscle when a 25 
cycle current was employed differed fundamentally from that produced by “slow 
sinusoidal” or intermpted galvanic currents. In the fonner case a smoothly 
graded tetanic response was obtained which closel}’’ stimulated a normal volun- 
tary effort. In the latter instances, the contractions were brief twitches. These 
twitches were very brisk for the first 5 to 7 days following denervation after 
which they became somewhat more sluggish, particularly with the “slow sinu- 
soidal” current. "V^Tien the frequency of this “slow' sinusoidal” current w^as 
lowered so that the individual pulses rose very slowiy, this sluggishness w^as much 
more marked. 

The nature of this slow response in denervated muscle does not appear to be 
well understood at the present time (13-17). Bremer, how^ever, has found that 
the tension developed by the slow' component never amounted to more than one- 
fifth'of that of the twitch. Tliis means that if the slow^ component w’-ere tetanic 
in nature, either a, it must involve only a small proportion of the muscle fibers, 
or 6, the individual fibers are responding asynchronously at relativelj’’ slow rates, 
or c, the tension developed bj-- repetitive responses to a constant stimulus differs 
from that developed bj'- repetitive responses to repeated external stimuli. Wliat- 
ever the actual mechanism of this slow response may be, it would appear that 
the response of a denervated muscle to 25 cj’-cle current more closely simulates 
a normal voluntaiy contraction than those produced b}'’ the direct (galvanic) 
or “slow sinusoidal” stimuli. 

Solandt (4) has suggested that 25 cj'^cle alternating current was close to the 
optimum frequency for stimulation of denervated muscle. We (18) have found 
the optimum frequency for threshold stimulation to be in the neighborhood of 
2 to 5 cycles. However, the maximum possible isometric tension w^as developed 
at 25 cycles. Experiments in our laboratoiy in wEich denervated muscle was 
stimulated with sinusoidal alternating current of different frequencies (0.083-500 
cycles per sec.) have shown that the optimum frequencj^ is a function of the index 
of response which is chosen. This means that the optimum frequenc 3 ^ and the 
slope of the accommodation curve are functions of the index chosen to evaluate 
them. Solandt has also suggested that fatigue developed less rapidlj^ at 25 
cj^cles, as compared w'ith one of 60 C 3 ’'cles. We have found this to be true in the 
rat and Bosenblueth and Luco (17) reported a similar finding in the cat. 

One other important point remains to be considered. It has been stressed 
that vigorous exercise is apparently necessaiy to obtain significant benefit from 
electrical stimulation (1,5,8). It has been suggested (5,8) that the current 
intensities necessary to produce contractions of sufficient vigor to be beneficial 
could never be emploj-^ed on a patient. This implies that the beneficial results 
sho^vn in animal experimentation can have no practical value for the clinician. 

^ If care is exercised in the selection of a current for stimulation, this ma}’- not be 
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true. For example, a'markecUy beneficial effect vas produced in the rat vith 
a 25 cycle current of onl3- 2 ma. In several cases of facial paratysis, we have 
obtained '\figorous responses -with 8 to 12 ma., an intensity-which is easily tolerated. 

In a further attempt to simulate actual clinical conditions as closety as 
possible and still retain the control which is possible only in animal experiments, 
vre have trained a group of dogs to allow stimulation without anesthesia or sedation 
of any kind. In this waj*-, the practical limitations of tolerance are not likel}’^ to 
be exceeded. In these animals, we have been able to produce maximal tetanic 
contractions in the dener\''ated gastrocnemius muscle working against a load of 
500 grams with a 25 cj'cle sinusoidal current of onty 6 to 7 ma. This is still true 
3 months after denervation. The current is tolerated easity; in fact, many of 
the animals go to sleep during the treatment period. 

SUMMARY AND CONCLUSIONS 

1. Stimulation with 25 cycle alternating current marked!}’' diminishes the 
rate of atrophj’- in the deneiwated gastronemius muscle of the rat. 

2. No such beneficial effect was demonstrated with a “slow sinusoidal” 
current. 

3. Some theoretical and practical aspects of electrical stimulation are dis- 
cussed. 
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It is -well kno^ra that voluntaiy movements as veil as movements induced by 
electrical stimulation of the motor cortex are greath’- modified by afferent im- 
pulses. That a deafferented leg ma}’ become useless to the animal in spite of 
intact motor innervation vas shovn by Mott and Sherrington (1895) and others. 
Recently Mettler and jMettler (1940) demonstrated that deafferentation modified 
the effects of stimulation of the motor cortex inasmuch as phasic responses could 
not be obtained after sectioning of the posterior roots. Uchtomslcj’' claims that 
\dsceral afferent impulses raa}' raodif 3 '’ corticallj’- induced movements. The 
question as to the effects of pain in general, and muscle pain in particular, on 
corticallj' induced movements does not seem to have been investigated as j'-et. 
It has been shovm elsewhere b 3 '’ the present writers (1944) that muscle pain 
interferes with muscular co-ordination as demonstrated b 3 ’’ distinct disturbances 
in handwriting and in the finger-nose test. It was also shown that ischemic 
muscular pain causes the temporaiy disappearance of tendon reflexes in man. 
As a further contribution to the underatanding of the effects of pain on the 
central nervous S 3 "stem the present stud 3 ’' was undertaken. 

IMethods. Experiments were performed on 12 cats in dial-urethane anes- 
thesia (0.45 cc./kgm. intraperitoneally). The left motor cortex was exposed and 
stimulated mth condenser discharges of vaiying frequencies- at a voltage of 
3 to 5 volts b 3 ’’ means of bipolar silver electrodes at intervals of two minutes. 
The Horsle 3 ’’-Clarke apparatus secured the electrodes at the desired spot. The 
responses remained constant over long periods of time. 

As had been shown b 3 '^ Lewis (1942) muscle pain ma 3 ’- be produced either 
through the injection of lypertonic solution into a muscle or b 3 '' means of faradic 
currents applied to the muscle. In addition to NaCl recommended b 3 ’' Levfis, 
KCl, CaCb and JMgCb were used, but the latter salts were not more effective 
than NaCl and were therefore abandoned. Apparent^ the effect is largety 
dependent on the degree of h 3 'pertonicit 3 ’' since it was found that 15 per cent 
NaCl was more effective than 6 per cent. 

As an indicator of the effectiveness of the “pain” stimulation the pupillaiy 
reaction was studied. It has been .shown earlier b 3 ^ Uiy and Gellhorn (1938) 
that pain stimulation leads to pupiUaiy dilatation in the cat, which is soleb’^due to 
inhibition of the tone of the third nerve. This reaction was found to be ver 3 '^ 
valuable in the present experiments as a measure of the degree of excitation of 
pain fibers. 

J Aided bj" a grant from the National Foundatin for Infantile Paralysis, Inc. 

- 3Ve used an apparatus designed by C. Goodwin. 
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Results. I. The effect of pain on the pupil. In the investigations of Uiy 
and GeUhom (1938) the effect of faradic stimulation of the skin and of the sciatic 
nerve caused a dilatation of the pupU which was present in the normal as well as 
in the sympathectomized pupil. Since these stimuli failed to alter the diameter 
of the parasympathectomized pupil the dilatation was interpreted as being due 
to an inhibition of the tone of the oculomotor nerve. Stimulation of the \’iscera 
bj'^ distention likevdse caused pupillarj’- dilatation which seemed to be due to m- 
hibition of the parasjTnpathetic nerve fibers. (McSwiney and coUaboratois, 
1935-37.) In ^dew of the close relation of muscle and visceral pain (Lewis, 
1942) it was expected that muscle pain would likewise cause pupillar 3 ’^ dilatation. 
This was confirmed in experiments in which either NaCl or faradization of the 
muscle was used. Depending on the degree of narcosis and the sensitivity of the 
animal, pupillarj’' dilatation of varjdng degrees and duration occurred. In 
general, it was found that pain induced bj’- NaCl persisted for several minutes 
whereas faradization of the muscle rarely lasted longer than one minute. By 
using various muscles these effects could be repeated many times in the same 
animal. 

It was likevdse f oimd that faradization of the diaphragm which is accompanied 
by a referred pain similar to that observed on stimulation of \dsceral nerves, 
caused a dilatation of the pupil. A few obseiwations indicated that injection 
of lactic acid into the femoral arter}', which was knorni to cause distinct pain 
(Burget and Lmngston, 1931), also caused dilatation of the pupil. Since we 
found that electrical stimulation of cutaneous nerve fillers (n. saphenous) was 
likevdse accompanied by pupillary dilatation and since in all these observations 
the pupillar}’- dilatation occurred to a similar degree on the normal as well as on 
the sj^mpathectomized pupil it may be said that stimulation of pain fibers of the 
sldn, muscles, viscera and arteries causes pupillar}' dilatation through inhibition 
of the parasympathetic. The degree of pupillary dilatation is apparently a 
reliable indicator of the effect exerted on the central nervous S 3 ’’stera. If the 
pupillary dilatation is great it is ordmarilj’- accompanied bj’’ vocalization and 
alteration in respiration. Occasional^ it maj’’ be followed b 3 ’’ movements of the 
extremities. 

II. The effect of muscle pain on corlically induced movements. In all experi- 
ments reported in this section the stimuli were applied for 15 seconds on the 
motor cortex therelw permitting ample time for facilitation. Consequent^' 
some movements occurred practical^’’ instantaneous^'’ whereas others, due to 
facilitation, appeared after various intervals of the time during the period of 
stimulation. Further details are recorded in the individual protocols. 

The effects of muscular pain on cortical^’’ induced movements were paralleled 
b 3 ' the action of pain on the normal and .sympathectomized pupils. “i^Tien 
marked changes in the t 3 'pe and degree of movements induced b 3 ^ cortical stimu- 
lation occurred as the result of the application of "pain” stimuli to the muscles, 
they were accompanied Iw distinct dilatation of the pupils. If, however, such 
stimuli caused only a brief and .«light pupillary dilatation, the effect on the cortex 
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vas eillicr completely absent or eonbned to the brief period in vliich the pupils 
dilated. The results obtained may be classified into several groups: 

A. Inlnisfftcalio}} of corliraUy induced jnovements. In numerous experiments 
it Avas observed that injection of a hypertonic NaCI solution or faradization of 
the muscle caused a definite increase in the intensity of the moA'ements. Thus, 
the stimulation of a point of the motor cortex which caused, during the control 
period, a flexion of the contralateral shoulder, elbow and foot, ma}', under the 
influence of NaCl, induce the same type of moA'cments, but of a greatly increased 
intensity. Thi.s increase in the excitability of the motor cortex maj' appear not 
only in the fonii of an intensification of movements, but also in the form of after- 
discharge. Such an after-discharge m.ay occur in experiments in Avhich during 
control periods no after-discharge Avas observed, or it may be seen in the form of 
an after-discharge of longer duration. The effects elicited under the influence 
of “pain” stimuli originating in the musclc.s disa])pcnr gradually and the moA'e- 
ments become similar to those observed in the control period after an interval of 
about 3 to 15 minutes. The effects resulting from faradization of muscles are 
similar but Aveaker, both in intensity and duration. 

If, during the control jicriod, certain movements appear after a latentpcriod 
of .scA'eral .seconds, indicating that facilitation processes arc iiiA’oh'ed in the 
elicitation of those movements, the effect of “jiain’’ stimuli appears as a shorten- 
ing of this latent period (table 1), suggesting that “pain” stimuli improA'e con- 
ditions for cortical facilitation. 

It may be emphasized thal< in thi.s, as avcII as in the two subsequent groups of 
experiments, the effects of pain are not restricted to the contralateral, but appear 
likcAvisc in the ipsilateral cortex. The latter case as illustrated in table 2 is of 
importance inasmuch a.s it excludes the possibility that the quantitatiA'e and 
qualitatiA'c changes in the effects of cortical stimulation Avere due to local changes 
in the innerA’atcd muscles. The experiments described in table 2 show clearly 
that the injection of NaCl into the left triceps or into the left quadriceps alters 
the effect of stimulation of the left, motor cortex on the right foreleg, although no 
local changes AA’cre produced in the muscles of the right foreleg. 

B. Corlical spread as a rcsidt of imtscle pain. In most experiments in AA'hich 
the injection of NaGl or other salts into the muscle Avas accompanied bA" marked 
pupillaiy dilatation the movements resulting from cortical stimulation not only 
became .stronger, but also involved muscle groupsnot activated under control con- 
ditions. Table 3 A .shoAvs that injection of 1 cc. S per cent CaCb into the right 
hamstrings caused a pupillary dilatation from I to 7 mm. During and shortly 
folIoAving this period of dilatation the stimulation of the left motor cortex elicited, 
in addition to a Augorous contraction of the contralateral hindleg, a flexion of the 
ipsilateral hip. Ten minutes after the injection this effect disappeared com- 
pletely, but AA'as elicited again by a second injection of CaCb into the right ham- 
string muscles®. Later, in the same animal a point Avas stimulated which caused 
contraction in the facial muscles, the orbicularis oculi, and the ear. on tlui con- 

’ This p.^^t of the exi)eriment is omitted from t.^bie 3. 
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tralateral side, in addition to contractions of the muscles inner^’-ating jaw and 
neck. NaCl injection into theu'ight triceps led to an unusually large pupillary 
dilatation accompanied by vocalization. The contractions of the muscles of 

TABLE 1 


Unipolar stimulation of left motor cortex {6.5 mm. lateral from the midline and 1 mm. posterior^ 
to cruciate sulcus) for 15 seconds with condenser discharges {7 volts; ^Sf sec.) 
Movements of the right (contralateral) extremity 


time 

HIP 

KNEE 

PUPILTAKV 

DIAMETER 

Movement 

Latent 

Period 

Movement 

Latent 

period 



stc. 


sec. 

mm. 

3:24 

+ Abd. 

0 

-{-- f Flex. 

5'^ 



+ Flex. 

5 




3:26 

+ Abd. 

3 

4- Flex. 

7 



+ Flex. 

; 7 




3:29 

+ Abd. 

0 

-1-4- Flex. 

7 



+ Flex. 

1 7 

1 




3:33 

+ Abd. 

0 

4-4- Flex. 

7 

3.5 


++ Flex. 

t 




3:34 

cc. 15% NaC 

1 injected 

1 

in rt. triceps 

1 


7.0 

3:35 

+++ Flex. 

0 

4-1-4- Flex. & after dis- 

0 

1 

i 5.0 



i 

charge 



3:37 

+ Abd. 

0 

-h-l—l- Flex. & after dis- 

i 

0 

4.5 


+++ Flex. 

0 

charge 

i 



3:39 

+ Abd. 

0 

I 4-4-1- Flex. 

0 


j 

+4 — h Fle.x. 

0 




3:41 

4- Abd. 

0 

-l-4-'l- Flex. 

5 

3.5 


4-4- Flex. 1 

1 

5 




3:43 

4- Abd. 

0 

"{"“h-l* Flex, 

4 

3.5 


4-4- Flex. 

4 




3:45 

4- Abd. 

0 

-1--1- Flex. 

6 



4- Flex. 

0 




3:47 

BSH 

1 ® 

— 1“ Flex. 

7 

3.5 



i 7 





ear, face and orbicularis oculi were temporarily intensified, but more striking -was 
the appearance of a flexion of the contralateral hip 5 seconds after the onset of the 
stimulation. Table 3 B illustrates the intensification _^of a cortically induced 
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movement of the right foreleg following the injection of NaCl into the left triceps. 
Moreover, under the influence of the “pain” stimuli a movement of the left hind- 

TABLE 2 


Bipolar stimulaiion of left motor cortex {9 mm. lateral from the midline and 1 mm. posterior to 
cruciate sulcus) for 15 seconds with condenser discharges (3 volts; 16/sec.) 
Movements of the right (contralateral extremity) 


TIMB 

/ 

SnOULDER 

ELBOW 

WEISX 

PUPILLARY 

DIAMETER 

Movement 

Latent 

period 

Movement 

Latent 

period 

ilovement 

Latent 

period 



sec. 


sec. 


sec. j 

mm. 

2:30 

-h+-l-Flex. 1 

8 

d- Flex. 

8 

-bd- Flex. 

7 


2:32 

-f- f-f Flex. 

8 

"b Flex. 

8 i 

-b-b Flex. j 

7 

Slit 

2:3350" 

2 cc. of 15% KaCl injected into left gastrocnemius m. 


2 

2:34 

-h-f-f Flex. 

4 

"b-bd* Flex. 

5 

-b Flex. 

5 


2:36 

Flex. 

8 

•bd" Flex. 

7 

-b Flex. 

5 

1 

2:38 

-f-f-h Flex, i 

8 

-b-b Flex. 

7 

-b Flex. 

5 

Slit 

2:4050" 

3 cc. of 15% NaGl injected into left hamstring m. 



2:42 


7 

-bd— b Flex. 

7 

-bd-b Flex. 

5 

3 

2i44 

-h- Flex. 

7 

"bd — b Flex. 

7 

d-Flex. 

6 

Slit 

2:46 

-bd" Flex. 

7 

-b Flex. 

7 

-b Flex. 

5 

Slit 

2:48 

d — b Flex. j 

7 

d- Flex. 

7 

' -bFle.x. 

5 

Slit 


TABLE 3 
A 


Bipolar stimulation of left motor cortex (5 mm. lateral from midline and S mm. posterior 
to cruciate sulcus) for 16 seconds with condenser discharges {5.5 volts; 90/sec/) 


TIME 

IPSILATERAL 

HIP 

CONTRALATERAL 

HIP 

CONTRALATERAL 

KNEE 

CONTRALATERAL 

ANKLE 

PUPIL- 

LARY 

DIAMETER 

Movement 

Latent 

period 

Movement 

Latent 

period 

Movement 

Latent 

period 

Movement 

Latent 

period 



sec. 


sec. 


sec. 


sec. 

mm. 

10:59 



++ Ext. 

2 

-h- hd- Flex. 

2 

-f-f-f Flex. 

2 

4 

11:01 



Ext. 

2 

-f-f-j- Mex. 

2 

-f-F-F Flex. 

2 

4 

11:03 



++ Ext. 

2 

-f-h+ Flex. 

2 

-1— F-t- Flex. 

2 

4 

11:04*“' 

1 cc. of S% CaClj injected into right hamstrings 





11:05 

-fExt. 

7 

++ Ext. 

0 

-H-h Flex. 


-F-F-F Flex. 

mm 

7 

11:07 


6 

-j — f- Ext. 

0 

-h- p- h- h Flex. 


-F-F-F Flex. 


7 

11:09 

++ Ext. 

0 

Ext. 

0 

-f-i-f- Flex. 


-F+-F Flex. 

■I 

4 

11:11 

++ Ext. 

C 

-h-f Ext. 

0 

-h-f + Flex. 


-F-F-F Fle.x. 


4 


diminish- 




\ 



■■ 



ing 









11:13 

-f Ext. 

G 

++ E.xt. 

0 

+++ Fle.x. 


-F-F-F Flex. 

III 

4 

11:15 



++ Ext. 

0 

-h-f— ?- Flex. 


-F-F-F Flex. 


4 

11:17 



-{--h Ext. 

0 

+++ Flex. 


-F-F-F Flex. 

■■ 

4 

11:19 



-f-h Ext. 

2 

-h- }- Flex. 

2 

-F-F Flex. 

2 

4 

11:21 



4--}- Ext. 

2 

-hd- Flex. 

2 

-F-F Flex. 

2 

4 


leg appears on cortical stimulation. This latter effect is not completelj'' reversi- 
ble vithin 15 minutes, but the appearance of the movement is progressive!}' 
delayed as the effect of the “pain” stimuli on the pupils disappears. 





























236 


E. GELLHORN AETD E. THOMPSON 


In table 4 tbe eftect of iniection of NaClinto the temporal muscle is recorded. 
The results of this experiment are a combination of the features discussed in this 

TABLE 3 
B 

Bipolar stimulation of left motor cortex (8 mm, lateral from the midline and 1 mm. posterior 
to cruciate sulcus) for 15 seconds with condenser discharges (3 volts; 16/sec.) 


Movements are contralateral 


TIME 

SHOTJEDER 

I 

1 elbow 

WRIST 

IPSIEAT. KN'EE 

PUPIL- 

LASy 

DIAMETER 

Movement 

Latent 

period 

Movement ^ 

1 

Latent i 
period { 

Movement 

Latent 

period 

ilovement 

Latent 

period 

- 


sec. 


sec. 


sec. 


sec. 

mm. 

1:56- 

++ine7:. 

7 

+ Flex. 

7 

++ Flex. 

0 




1:58 

1 + Plex. 

8 

+ FIex. 1 

7 

-r+ Flex. 

4 

j 

1 

0.5 

2:00 

i -fPlex. 

S 

+ Hex, 1 

7 

++ Flex. ! 

5 1 

! 


0.5 

2:01»'>' 

1 2 cc. 15% NaCl injected into left triceps 






2:02 

Flex, 1 

5 

++F1CX. 1 

8 

++ Flex. 

8 

+ Flex. 

t 7 

i 3.0 

2:01 

++ Flex. ' 

6 

+ Flex, 

6 

+ Flex. 

6 

1 + Flex. 

i 7 

2.0 

2:06 

+++Flex. ' 

8 

++ Flex. 

8 

++ Flex. 

- 8 

+ Flex. 

10 

1.0 

2:03 

++ Flex. • 

6 

++F1CX. ] 

G 

++ Flex. 

5 

+ Flex. 

11 


2:10 

++ Flex. 

8 

Flex. 1 

8 

++ Flex. 

5 

+ Flex. 

i 12 

1.0 

2:12 

++ Flex. 

8 

++Flex. 

8 

++Flex. * 

3 

+ Flex. 

1 14 


2:14 

-(-+ Flex. 

0 

-i — h Flex. 

9 

++ Flex. 

4 

4- Hex. 

14' 


2:16 

Flex. 

9 

++nex. 

9 

4-t* Flex, 

1 

4 

+ ncx. 

14 



TABLE 4 

Unipolar stimulation of left motor cortex (8 mm. lateral from the midline and just pos- 
terior to cruciate sidcus) for 15 seconds with condenser discharges {5.5 volts: 16/sec.) . 


Movements of the right (contralateral) side 


TIME 

NECK 

SHOULDER 

ELBOW 

WRIST 

HTP 

PCPJl- 

LARV 

DIAME- 

TER 

Move- 

ment 

La- 

tent 

peri- 

od 

Movement 

La- 

tent 

peri- 

od 

Movement 

La- 

tent 

peri- 

od 

Movement 

La- 

tent 

peri- 

od 

Movement 

La- 

tent 

peri- 

od 



sec. 


see. 


sec. 


sec. 


sec. 

mtn. 

10:39 

++ 

5 

-H- Flex. 

0 

+-i- Flex. 

5 

-1- Flex. 

6 




10:41 

-|"r 

0 

-1-1- Flex. 

0 

4-4" Flex. 

6 

-1-Flex. 

7 




10:43 

++ 

0 

-1-1- Flex. 

0 

-1-1- Flex. 

G 

-f Flex. 

7 



1.5 

10:44:«' 

2 cc. 

of 159o MTaCl injected in left temporal muscle 






10:45 

4-4- 

3 

-1-1-1- Hex. 

0 

4~4" Flex. 

3 

-1- Flex. 

3 

-1- Flex. 

10 

2.5 

10:47 

+-{- 

3 

-1~1— 1- Flex. 

0 ■ 

-l-f Flex. 

3 

-1- Flex. 

3 

(-1-) Flex. 

12 

2.5 

10:49 

++ 

3 

-h-V-f Flex. 

0 

-F-l- Flex. 

3 

-1- Flex. 

3 



1.5 

10:51 

4-4- 

5 

-1-1-1- Flex. 

0 

4 — F Flex, 

5 

-r Flex. 

3 



1.5 

10:53 

-r-r 

5 

-f-l-f Flex. 

0 

-f-f Flex. 

5 

-1- Flex. 

5 



1.5 

10:54 

3 cc 

of 15% NaCl in right temporal muscle 







10:55 

4 - 0 - 

0 

-1-H- Flex. 

0 

-l-F Flex. 

0 

-r Flex. 

0 

(-f) Flex. 

7 

3.0 

10:56 











2.5 

lOt j7 

4-4^ 

4 

4"4‘4* Flex, 

0 

-f -1- Flex. 

4 

-1- Flex. 

4 



1.0 

10:59 

-f4- 

1 

5 

-f-l-l- nex. 

0 

-1—1- Flex. 

5 

-h Flex. 

5 



1.0 


and in the preceding section. The contraction of neck muscles as well as the 
flexion of the contralateral shoulder and foreleg appear earlier (and in the second 
NaCl ex-periraent of table 4 even immediately) indicating the improvement of 
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facilitation under the influence of the “pain” stimuh. In addition, a flexion of 
the hip -was also elicited although this reaction was absent under control condi- 
tions. 

C. Modification of cortically induced movements. The most striking result of 
muscle pain on cortically induced movements was the observation that under the 
influence of these afferent impulses corticahstimulatibn resulted in movements 
which were qualitatively different from those seen in the preceding and the 
following control periods. In the fimt experiment of table 5 it is shovm that 
under the influence of injection of NaCl into the left triceps cortical stimulation 
of the left motor area results in an extension of the right shoulder whereas under 
control conditions a flexion and abduction of the shoulder occurred. It is in- 
teresting to note that in the fimt record obtained after muscle pain had been 
elicited, the extension of the shoulder had completely replaced the flexion and 
abduction which had been seen previously. Two and fourminutes later the exten- 
sion was followed by a flexion wliich gradually increased in intensity. After two 
more minutes flexion and abduction occurred in their original strength, and the 
extension disappeared completely. During the second part of this experiment the 
injection of NaCl was repeated, but this time the solution was mjected into the 
left hamstring muscles. Here again the corticall 3 ’- induced movement of the right 
shoulder was altered as in the preceding experiment, but in addition, an ipsilat- 
eral extension of the foreleg occurred under the influence of the “pain” stimuli. 

The experiment recorded in table 5 is typical of a number of similar experi- 
ments inasmuch as it shows that the various effects of “pain” stimulation on the 
cortical response to electrical stimuli maj’’ occur simultaneously in the same ex- 
periment. Thus table 5 illustrates that in addition to the quahtative changes 
(substitution of the extension of the shoulder for its flexion) quantitative changes 
in the flexion of hip and knee maj’’ be induced at the same time. 

Discussion. Summarizing the results of this and a preceding paper it maj’- 
be stated that “pain” stimuli originating in muscle may modifj^ quantitative^ 
and qualitativdj'' the performance of movements. This statement applies to 
reflexly and voluntarity controlled movements as well as to movements ehcited 
bj’- electrical stimulation of the motor cortex. The effects are reversible and are 
attributed to the modifying influence qf increased afferent discharges on the 
excitability of various parts of the central nervous s^'^stem. The changes in the so- 
matic nervous sj^stem are accompanied bj'' autonomic changes as indicated by the 
pupillary- dilatation which is due to an inhibition of the tone of the thhd nerve. 
Intensity and duration of the somatic effects are paralleled bj’' these autonomic 
changes. 

In the experiments reported in an earlier paper it was shovm that pain elicited 
^in the muscle of hand and fingers tlu-ough ischemic contractions altered muscular 
co-ordination as shown bj^ disturbances in hand'svriting. However, the hand- 
VTiting with the other hand was not altered. Likewise, it Avas found that tendon 
reflexes were abolished bj’’ pain originating in the effector muscle. The experi- 
ments described in this paper show that the action of muscle pain on the central 
nerA^ous S3’^stem may be more AAddespread than is suggested by our earlier obser- 


TABLE '5 

Bipolar stimulation of left motor cortex (8 mm. lateral from midline, and 1 mm. posterior 
to cruciate sulcus) for 15 seconds with condenser discharges {6.6 volts: 16/sec.) 
Movements are contralateral unless indicated 



mg 

3 cc. 

15% 2' 

1 ' ■■■ 2 

7aCl injected into left t 

! ) 

•riceps m. 

11:18 


0 

+ Ext. 

0 


11:20 

■ 

0 

i 

+ Ext. 

-V"{- Flex. 

0 

+-?- Flex. 

1 

11:22 

++ 

0 

+ Ext. 

+++ Flex. 

0 

5 

++ Flex. 

11:24 

1 

-f+ 

0 

1 

-1 — Flex* 

•4- Abd* 

1 

0 

1 

Flex. 

11:26 



+++ Flex. ' 
+ Abd. 

0 

“ 1 

++ Flex. 

11:2S 

■Hr 

0 

+++ Flex. 

+ Abd. 

1 

0 

0 

++ Flex. 

11:30 


0 

+++ Flex. 

+ Abd. 

0 

1 

_ 1 

-t-+ Flex. 

11:31”' 

3 ce. 

, 15% : 

'TaCl injected into left 1 

lamstring m. 


■ 

ggi 

3 

+ Flex. 

5 

*r Flex. 

0 

(+) Flex. 

0 

1 

(+) Flex. 

0 i 

1 

1 

(+1 Flex. 

0 i 

t 

1 

(+) Flex. 



++ 

0 

+++ Flex. 

3 

■4"i" Flex. 

0 

-f Flex. 

9 

+ 'riex. 

9 



++ Ext. iSc ip- 

0 









silateral 










+ Flxt. 

5 
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rations on man. The fact that NaCl injections into muscles of the left hindleg 
ma3’- qiialitativelj^ and quantitativclj’ alter the effects resulting from stimulation 
of the left motor area indicates that these afferent impulses influence cortical 
cxcitabilitj' in both hemispheres. It is assumed that this cortical spread is due 
to the greater intensity of the stimuli used. 

Gasser (1937) states that the direction which afferent impulses follow is vari- 
able and depends on “the situation obtaining at the moment.” A similar state- 
ment is justifled with respect to efferent impulses. The basis for this statement 
is not onty the experiments described in this paper but also the investigations of 
Sherrington (1895), Mettler (1940), Uchtomskj’- (1925) and Magnus (1910), 
who showed that the reflex action as w^ell as the effect of cortical, stimulation is 
determined bj’’ afferent impulses. 


SUinUiRY 

Experiments are reported in wliich the effect of afferent “pain” stimuli on the 
cortex of anesthetized cats is investigated. Procedures such as injection of 
hj’-pertonic NaCl into a muscle or of faradization of a muscle, which cause 
muscle pain in man, are used as stimuli. These stimuli cause pupillary dilatation 
due to an inhibition of the tone of the tliird nerve and in some instances cause 
vocalization. Under their influence the effect of stimulation of the motor 
cortex is either intensified or qualitative^ altered so that different movements 
ma}’’ be substituted temporarily for those obtained under control conditions. 
The action of these afferent impulses is not limited to the contralateral cortex, 
but may likewise modify the reactivity of the ipsilateral cortex to electrical 
stimulation. 
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EASTING AND GLIJCONEOGENESIS IN THE KIDNEY OF THE 

EVISCERATED RAT^ 

SIDNEY ROBERTS and LEO T. SAMUELS^ 

From the Divisions of General Physiology and Physiological Chemistry, Department of Physi- 
ology, University of Minnesota Medical School, Minneapolis 

Receiv.ed for publication May 22, 1944 

Reinecke (1) demonstrated that glucose is added to the blood as it flows through 
the kidney of the eviscerated rat. It was further noted hy Reinecke and Roberts 
(2) that the eviscerated rat which had pretdously been fasted two to four days 
maintained its blood sugar much better than animals fed right up to the time of 
operation; nephrectomy apparently eliminated this difference. 

The present study indicates that the ability of the fasted animal to maintain its 
blood sugar level after evisceration is, in part, due to an acceleration of gluconeo- 
genesis in the kidney. This acceleration apparentlj^ begins soon after the dep- 
rivation of food and continues for at least two weelcs thereafter. 

Methods. The animals used in all the experiments reported below were 
Spragiie-Dawley male albino rats, weighing between 300 and 350 grams in the 
fed state. Purina fox chow was fed ad libitum. 

Those animals which were later to be eviscerated were treated and maintained 
as previously described (1,2). “Fed” animals were kept in cages with food and 
water up to the time of evisceration, or, in the case of the intact animals, until 
blood samples were taken for arterio-venous differences. The methods of evis- 
ceration and of obtaining simultaneous aortal and renal vein blood samples were 
essentially tho.se of Reinecke (1). All blood analyses, except for hemoglobin, 
were carried out on dilute tungstic acid filtrates of whole blood. Total blood 
“sugar” was estimated bj' the method of Reinecke (3); this includes reducing 
substances other than glucose. Fermentable reducing substance was determined 
b}”" the methods of Reinecke (1) and of Roberts, el al. (4) and presumably repre- 
sents mainly true glucose. The procediu’e of Frame et al. (5) was used in estimat- 
ing blood amino acid nitrogen. The Evelyn photo-electric colorimeter was em- 
ployed in the determination of oxjdiemoglobin in aortal and renal vein blood 
samples (6). 

The blood sugar cuiwes of the eviscerates were constructed from anabases of 
0.02 cc. samples of blood from the tail vein. All arteiio-venous (A-V) samples 
were obtained from animals injected subcutaneously 15 minutes earlier nith an 
anesthetic dose of sodium amytal (10 mgm. per 100 gram bod 3 r weight). In the 
case of the eviscerates, A-V samples were obtained 6 hours after operation. 

Oxj'^gen consumption rates of the eviscerated animals were measured about 
5 hours after operation bj’- means of the simple manometric de^^ce previously 
outlined (4). 

1 Aided by a grant from tlie .Tohn and Mary R. Markle Foundation. 

* Present addrc.s3: Department of Biocljemistry, University of Utati School of Medicine, 
Salt Lake City. 
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Results. It was found that, the Mdueys of fasted eviscerated rats added 
considerable amounts of glucose to the blood, whereas those of fed animals, 



Pig. 1. The effect of fasting on the output of glucose by the kidney of the eviscerated rat. 

Ajiimals 1 to 8 were fed up to the time of evisceration; 9 to 17 were fasted 2 days ; 18 to 20 
were fasted 2 weeks. The blood sugar curves after evisceration were constructed from 
values obtained by analysis of periodic tail blood samples for total “sugar”. The heights of 
the bars represent the total “sugar” (entire bar) and the fermentable sugar (cross-hatched 
portion) found in the lower aorta, A, and in the left renal vein V, 6 hours after tying off the 
coeliac and mesenteric arteries. The open circles above the bars indicate the amount of 
amino acid nitrogen found in similar arterial and venous samples taken at the same time. 

similarly treated, added little or none. Thus, as figure 1 and table 1 reveal, the 
amount of sugar added to the blood passing through the kidneys of 12 rats pre- 
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viously fasted 2 days, and of 3 rats fasted 2 weeks, was between 15 and 25 mgm. 
per cent; the corresponding value for 12 fed animals was about 5 mgm. per cent. 
Wherever measured, the differences in fermentable reducing substance, presum- 
ably true glucose, were quite similar to the differences in total “sugar”. Hemo- 


TABLE 1 

Renal arterio-venous differences in eviscerated rais*1t 



AORTA 

1 

rekai.\t:in' 

2 

DtFFERENCE 

2-1 

S.D. OF 
DITFEREKCE 

KO. or HATS 


Fed animals 


• 


Total “sugar” (ragm./lOO 






cc.)'. 

46 

51 

5 

±2.4 

12 

Form, sugar (mgm./lOO cc.) . . 

(39 to 55) 
28 

(45 to 58) 
31 

(0 to 8) 

3 

±2.1 

8 


(16 to 41) 

(22 to 44) 

(-1 to 6) 



AminO'K (mgm./lOO cc.) — 

21 

20 

-1 

i 

6 

Hemoglobin (gram/100 cc.)... 

(19 to 22) 
17 

(18 to 22) 
17 

(-1 to 0) 

0 


3 


Fasted 2 days 


Total “sugar” (mgm./lOO 
cc.) 

65 

86 

21 

±5.1 

12 

Ferm. sugar (mgm./lOO cc.) . 

(54 to 88) 
48 

(75 to 110) 
'66 

(13 to 27) 

18 

±5.1 

8 

Amino X (mgm./lOO cc.) 

(39 to 74) 
23 

(57 to 94) 
24 

(13 to 30) 

1 


6 

Hemoglobin (gram/100 cc.). . 

(19 to 24) 
17 

(18 to 24) 

17 

(-lto2) 

0 


3 


(16 to 17) 

(16 to 17) 

(-Itol) 




Fasted 2 weeks 


Total “sugar” (mgm./lOO 
cc.) 

55 

72 

1 

17 


3 

Amino X (mgm./lOO cc.) 

(53 to 56) 
18 

(66 to 77) 
18 

(13 to 19) 

0 


3 

1 

(15 to 22) 

(16 to 22) 

(0 to 1) 




* Average values and ranges (in parentheses) are shown. 

t Simultaneous blood samples were obtained from the lower aorta and left renal vein of 
amytal anesthetized rats, G hours after evisceration. 


globin values on a number of samples demonstrated the lack of a measurable 
hemo-concentration by the kidney, so that this could not be a factor. 

Figure 2 indicates that there was no significant difference in the ogyxen con- 
sumption rates, taken 5 hours after evisceration, of 6 fed animals and 8 animals 
fasted 2 da^-s. The difference in sugar production in these two groups, then, 
was not as.sociated vith anj' large difference in oxidative metabolism. 
interesting to note, moreover, that although sugar production was observed in 
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animals fasted 2 vreeks prior to erdsceration, total oxidative metabolism was 
significantlj’- depressed. The oxj'-gen consumption rate has been expressed both 
as the total rate of oxj^gen consumption and as the rate of oxygen consumption 
per unit of bod3r surface. The latter figures are open to error because of the 
vide differehces in the bodj* contour of the different groups of rats. Similar 
results, however, were obtained b}'^ both methods of calculation. 

■ In an attempt to discover the source of the added glucose, a number of A-V 
samples were analyzed for amino acid nitrogen. Figure 1 (open circles) and table 



Fig. 2. The effect of fasting on the energy metabolism of the eviscerated rat. 

All determinations were made 5 hours after arterial ligation incident to evisceration. 
The metabolism of each animal studied is e.xpressed in two ways : total oxygen consumption 
rate, and oxygen consumption rate per unit body surface. Fed animals are represented by 
open circles, animals fasted 2 days before evisceration by closed circles, and animals fasted 
2 weeks by open circles with horizontal bars. 

1 seem to indicate that blood amino acids do not enter into a gluconeogenic 
process in the kidnej', at least under the conditions studied. 

The addition of glucose to the blood by the kidneys of intact rats subjected 
to similar periods of fasting could not be demonstrated by the A-V technique. 
Table 2 gives the blood sugar and blood amino acid nitrogen concentrations in 
the aorta and renal vein of 5 fed animals, 3 animals fasted 3 dais's, and of 5 
animals fasted 16 days. One animal whose blood sugar had been markedly de- 
pressed bj'- treatment vdth 1 unit of protamine zinc insulin dailj’- for 3 days like- 
wise showed no A-Y difference in either blood sugar or blood amino acid nitrogen. 
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Discussion. .From the above results it appears that the ability of the fasted 
eviscerated rat to maintain its blood sugar is, to an appreciable extent, dependent 
upon a stimulation of gluconeogenesis in the kidney. Since Reinecke (1), 
studying eviscerated rats which were fasted for 24 hours before operation, found 
renal A-V glucose differences somewhat lower than those obtained above in 2 

and 14 day fasted animals, but still quite large, it appears that this stimulation 

$ 

TABLE 2 


Simultaneous renal arterio-venous values in intact rats*1[ 



AORTA 

1 

EEKAL VTIN 

2 

difference 

2 - 1 

NO, OF RATS 

Fed animals 

Total “sugar” (mgm./lOO 




1 

cc.) 

99 

98 

-1 

5 


(95 to 110) 

(92 to 110) 

(-3 to 5) 


Amino N (mgm./lOO cc.) . . . . 

10 

10 

0 

5 


(10 to 11) 

(9 to 11) 

(-1 to 1) 

• 


Fasted 3 days 


Total “sugar” (mgm./lOO 
cc.) 

94 

97 

3 

3 


(82 to 105) 

(84 to 110) 

(2 to 5) 


Amino N (mgm./lOO cc.) . . . 

10 ' 

9 

-1 

3 


(9 to 11) 

(9 to 10) 

(-Ito 0) 



Fasted 16 days 


Total “sugar” (mgm./lOO 
cc.) 

73 

73 

(57 to 80) 

10 

(8 to 15) 

0 

(-4 to 3) 

0 

(-1 to 1) 

5 

Amino N (mgm./lOO cc.) . . . 

(57 to 79) 

10 

(8 to 14) 

5 


Given prot. 

zn. insulin 



Total “sugar” (mgm./lOO 
cc.) 

30 

31 

6 

1 

1 

Amino N (mgm./lOO cc.) 

6 

0 

1 


* Average values and ranges (in parentheses) are shown. 

t Simultaneous blood samples were obtained from the lower aorta and left renal vein of 
amytal anesthetized rats. 


occurs quite early in the fasting process. The.se results suggest that the condi- 
tions which bring about an increased gluconeogenesis in the liver of the intact 
animal early in fasting are operative in the eviscerated animal, and are able to 
stimulate gluconeogenesis in the Iddney of this preparation. 

The amino acid nitrogen determinations reported above are not in line with the 
observ'ations of Russell and Wilhclmi (7) that extra carbohydrate can be formed 
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“in vitro” by kidney tissue from added amino acids. Apparently, blood amino 
acids are not so utilized “in vivo”, at least under the conditions studied. 

Until further study has been made of the precursor of kidney-formed glucose 
and of the control of its formation, it is impossible to ascertain how fasting 
results in a stimulation of Iddney glucogenesis. Increased availability of the 
precursor, or increased production of some endocrine factor may be suggested. 
In the latter connection, it may be noted that Russell and Wilhelmi (7) observed 
that the “in vitro” conversion of amino acids to glycogen Avas depressed in kid- 
ney slices obtained from adrenalectomized rats. 

SUMMARY ) 

Fasting resulted in an addition of glucose to the blood bj'^ the kidney of the 
eAuscerated rat, as determined by analyses of simultaneous aortal-renal vein 
samples for glucose. Tliis phenomenon appears to be at least partly responsible 
for the ability of the fasted rat to maintain high levels of blood sugar for many 
hours after eAusceration. 

There AA’'as no appreciable difference in the total oxidative metabolism of 
eAdscerated animals, either fed or fasted 2 days; but animals fasted 2 Aveeks 
before evisceration shoAved a definite depression in oxygen consumption rate, 
although sugar production by the Iddney Avas still occurring. 

The precursors of the glucose added to the blood floAving through the kidney 
do not seem to be blood amino acids. 

Glucogenesis could not be demonstrated in the Iddney of intact animals sub- 
jected to similar periods of fasting. 
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In a study of the intravenous administration of gelatin (1) in normal dogs 
it was noted that during a 6 hour period following the gelatin injection there 
was an increased urine flow. It was thought that this effect might represent a 
diuretic action of gelatin, but with the data available it was not possible to 
distin^ish between the effect of gelatin and that due to the volume of fluid 
injected. 

iCnowlton (2) reported that when saline and 5 per cent saline-gelatin solutions 
were given alternately to rabbits, the diuretic effect of saline was inhibited by 
the saline-gelatin. Hogan (3) also reported that 1.5 to 2.5 per cent gelatin 
solutions do not yield an increased urine flow in rabbits. 

The experiments reported here were designed to compare the diuretic effect 
of: a, gelatin injection -with the injection of an equal volume of 0.9 per cent 
sodium chloride; b, unautoclaved gelatin with autoclaved gelatin; c, gelatin vith 
a known diuretic, salyrgan-theophylline; d, gelatin plus salyrgan-theophylline 
with each alone. 

Procedure. Food and water were withdrawal from the dogs the evening 
before the day of the experiment. The animals were unanesthetized and were 
trained to lie quietly with a minimum of restraint. They were catheterized, 
the bladder was emptied, and control urine collections were made at 15 minute 
intervals for 1 to 2 hours. The fluid was rapidly injected intravenously by 
syringe and w^as equivalent in volume to 1 per cent of the body weight. The 
gelatin^ solutions contained 6 grams of gelatin in 100 cc. of 0.9 per cent sodium 
chloride. Two preparations of autoclaved gelatin were used, one prepared by 
the manufacturer /lot W3-20) and one prepared in this laboratory from stock 
gelatin (lot B78-1) ; in both cases the duration of autoclaving was 20 minutes. 
In some experiments the dogs were given an intramuscular injection of 0.06 cc. 
per kgm. of a solution of salyrgan-theophylline, each cubic centimeter con- 
taining 100 mgm. salyrgan and 50 mgm. theophylline. This injection was pre- 
ceded immediately either by an injection of 0.9 per cent sodium chloride solu- 
tion or unautoclaved gelatin. 

Urine w'as collected at 30 minute intervals throughout the experimental period, 
wliich W'as tenninated wdien the rate of urine flow’^ had returned to the level of 
the control rate and had remained at this level usually for one hour. With 

’ This investigation lias been made with the assistance of a grant from the Committee on 
Therapeutic Research, Council on Pharmacy and Chemistry, American IMedical As- 
.sociation. 

* The gelatin was furnished by Knox Gelatine Company. 
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unautoclaved gelatin the duration vas usually 9 hours and with other substances 
6 hours. 

The experiments extended through the summer and fall months, so that there 
was considerable variation in room temperature and humidity. To prevent the 
introduction of a systematic error due to these variables, the e.xperiments were 
done in rotation. An attempt was made to maintain room temperature approxi- 
matelj’’ constant, and in onlj^ a few instances did the animals pant. 

In a few experhnents all of the urine was collected for 6 hours following the 
injection of autoclaved and unautoclaved gelatin.^ The total gelatin excretion 
during this period was determined using a previously reported method fl). 

Occasionally experiments were discarded because either the animal was quite 
restless, was nauseated following the injection of saline or gelatin, or the urine 
was bloody. 

Results. In table 1 the results are expressed as the diuretic ratio, 
net lU'ine output in cc. X 100 . ,, 

— r: . r-; The uet urine output was calculated by sub- 

volume of fluid injected in cc. 

tracting from the total urine output during the experimental period the quantity 
wliich would have been excreted during this period had nothing been injected. 
This latter quantitj’' is based on the assumption that the control rate of urine 
flow maj’’ be extrapolated through the e.xperimental period. The value of ex- 
pressing the results in this manner rather than as the rate of urine excretion is 
that the diuretic ratio is a measure of the effect of these substances on the fluid 
balance of the animal. 

It wll be seen that vith saline and autoclaved gelatin approximate!}’" 50 per 
cent of the fluid injected was recovered as urine during the period of elevated 
rate of urine excretion. With unautoclaved gelatin, salyrgan-theophylline and a 
combination of these two more fluid was recovered as urine than was injected. 

In figure 1 a typical response to those substances is given. It mil be noted 
that the peak of excretion is reached somewhat later "with gelatin than with 
saline or salyrgan-theophylline, and that vitli unautoclaved gelatin the duration 
of increased excretion is longer. During the first half-hour following unauto- 
claved gelatin the urine excretion fell below the control level, which was a fre- 
quent finding with this substance. 

Five experiments each were run with autoclaved and unautoclaved gelatin to 
determine the excretion of gelatin in urine during a 6 hour period follomng 
injection. With autoclaved gelatin from 10 to 21.4 per cent (average 17.7 per 
cent) of the gelatin injected Avas excreted, Avhile with unautoclaA’"ed gelatin from 
9.5 to 14 per cent (aA'-erage 12.2 per cent) Avas excreted. This difference is not 
statistically significant. 

Discussion. The correlation between body AA’eight and control urine Aoav in 
105 determinations on 10 dogs AVas found to be r = 0.559 ± 0.082 (standard 
error). Tliis is interpreted as indicating that extraneous factors such as fluid 
balance, temperature, etc., AA'-ere AA’ell controlled AA-itliin natural limitations. 

For gelatin to be considered an effectiA'e diuretic it is necessaiy that the volume 
of urine recoA^ered, AA'hen corrected for the extrapolated control urine flow, shall 



TABLE 1 

Per cent of volume of fluid injected recovered as urine, corrected for extraj)olated control urine 

^ { net urine output in cc. X 100\ 

' \ fluid injected in cc. ) 


0 = 0.9 per cent sodium chloride, A = autoclaved gelatin, G = unautoclaved gelatin, 
S = salyrgan-theophylline, SG = salyrgan-theophylline-unautoclaved gelatin 


DOG 

0 ^ 

A 

G 

S 

SG 


per cent 

per cent 

Per cent 

per cent 

per cent 

1 

0 

44 

270 




13 

42 

336 




11 

69 




2 

13 

215 





-9 

47 

260 




39 

0 

161 



* 

1 

-44 




3 


50 





0 

18 

245 

156 




31 

! 


185 

161 

4 


, 

7 





41 

20 

199 ' 




3 

58 

106 




80 

70 

173 





-12 

74 



5 


75 



/ 


85 

55 

107 

321 

267 


83 

34 

173 

415 

247 


36 

57 

1 



6 



221 




117 

99 

180 

i 268 



19 

117 

241 

394 

226 


94 

55 

88 

210 





154 





1 

13 


' 

7 

98 

43 





162 

55 

128 




67 

86 

185 

159 

i 

8 

9 

28 


300 




35 

224 

238 




42 




9 

11 

66 

172 




60 

17 

113 

165 



19 

184 

130 

292 

% 

10 

49 

43 


■H 



50 


on 




49.0 

53.3 


219.9 

198.2 

Xo. n 

27 

32 


14 

5 

Standard error ? » . 

8.46 

8.78 

14.21 i 

22.64 

32.39 
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significantly exceed the volume of fluid injected; or in other words the diuretic 
ratio shall be significantly greater than 100. Saline injections were used to 
determine the effect of the dispersion fluid alone on uriue recovery. In table 1 
are listed the means for the 5 expeiimental groups and theii’ estimated standard 
errors, '\\fliether the net urine output following the injection of each substance 
is significantly .greater or less than the volume of fluid injected may be judged 
by comparing the absolute value of 100-5 vdth the standard error s^. For 
example, the mean diuretic ratio for unautoclaved gelatin exceeds 100 per cent 
by .69 per cent; this difference is 4.9 times the standard error and is far greater 
than one which could be explained by sampling variation. The de\dations from 
100 per cent are likewise significant at the 0.01 probability level for all other 




c 



D 



total excess urine 

130 

TOTAL 


50- 


=303cc. 

120 

EXCESS 


40- 


I 

no 

URINE 

__ 




= 408 cc. 

<J 

u 

3oJ 



100- 


5 

3 

20 


■i 

90- 


b. 

LlI 

10 


— 

80 


z 




70- 


a: 






26 

TOTAL- EXCESS URINE 

60- 

* 


B 

■= 79 cc. 


u 

10- 

■ — 


50- 


u 


- 

—■Li 

40 



30- 

A TOTAL EXCESS ' 

■30- 



20- 

URINE - 105 cc. 

20- 



10' 

1 


10- 



0 '1234567 0i2345 


TIME AFTER INJECTION (HOURS) 

Fig. 1. Rate of urine flow in excess of the extrapolated control rate following the injec- 
tion of: A = 0.9 per cent sodium cMoride, B = autoclaved gelatin in saline, C == unauto- 
claved gelatin in saline, D = saline plus salyrgan-theophylline. Dog 10. 

groups, excepting salyi’gan-theophylline-unautoclaved gelatin, which, being based 
on only 5 tests is significant onl}’- at the 0.05 probability level. A diuretic effect 
as herein defined therefore has been conclusively demonstrated for unautoclaved 
gelatin, for salyi-gan-theophylline, and for a combination of the two. The injec- 
tion of saline or autoclaved gelatin, on the other hand, was accompanied by a 
significant degree of retention of the fluid. Undoubtedly the urine output with 
the last tw^o substances remained slightly elevated above the control level for 
a prolonged time thus restoring the fluid balance, but this elevation was not 
detectable by the method of measurement w’e used. 

Another question of interest is the significance of the differences within the 
group of experiments in w'hich diuresis was produced and within the non-diuresis 
group. For this purpose the data of table 1 have been examined statisticaUj' 
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by the method of analysis of variance (4), and the results are presented in table 2. 
The variance (squared standard deidation) for the entire series of 103 diuretic 
ratios has been analyzed into two components, one measuring the variation 
among the means of the 5 experimental gi’oups, and the other measuring the 
variation %vithin the groups. The latter is fuidher divided into variance between 
and within sets of measurements on individual dogs. This last component, 
representing the residual variation within tests involving the same dog and 
experimental treatment, constitutes the “expeiimental error.” The last column 
of the table shows the ratio of the variance between groups to the error variance 
to be F = 52.24, while that for animal difference.? amounts to F = 1.78. There 
is therefore e^^dence that the 5 .substances produce significantly different effects 
upon urine output. Also, as might be expected, there is evidence of individual 
animal differences in addition to those associated with body weight, which were 
controlled experimentally by the injection of varying volumes of fluid. 

TABLE 2 


Analysis of variance of diuretic ratio 


soxnicE or variation 

DZCEEES OP 
PREEDOII 1 

! 

smi or SQUARES 

VARIANCE 

j 

F 

Between groups 

Within group.? 

4 

601565 I 

1 

150391 

.52.24t 

Between dogs 

35 



1.79* 

Within dogs (error) 

63- 




Total 

102 

963773 


bhh 


* Probability of chance occurrence <0.05. 
t Probability of chance occurrence <0.01. 


Table 2 further provides the basis for testing the significance of the difference.? 
between the means of the 5 experimental gi’oups. For this purpose, the relative 
deviate 


^ _ Xi ~ X2 

expressing the ratio of the mean difference, xi — xo to its standard error, may 
be computed in each case, using the error vaiiance of table 2 (F = 2879) in 
conjimction with the sizes of the samples, nj and n^. The differences between 
the means for all 10 group comparisons, together with their t values, and proba- 
bilities of chance occurrence, are summarized in table 3. 

All differences between means are significant with the exception of these com- 
parisons: salyrgan-theophylline vith sal3Tgan-theophylline-unautoclaved gela- 
tin, saiyrgan-theoph 3 'lline-unautoclaved gelatin with unautoclaved gelatin, and 
autoclaved gelatin vith saline. This means that in noi-mal unanesthetized dog? 
the diuretic effect of unautoclaved gelatin is significantly Ie.s.? than that of 
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salyrgan-theophylline, while a combination of the two is not significantly greater 
than either alone. The effect of autoclaving is to remove the diuretic effect of 
gelatin, so that its effect is not significantly greater than that of saline alone. 

The fact that unautoclaved gelatin and salyrgan-theopl^dline were also admin- 
istered in combination permits the analysis of a possible interaction of these 
sub^ances in their effect upon urine flow. Since the diuretic effect of each of 
the substances tested has a component due to the injection of saline (0), the 
net effects of unautoclaved gelatin {G), salyrgan-theophylline {S) and the com- 
bination of the last two {SG) are measured bj'- {G — 0), (S — 0), and (SG — 0), 
respectively, where 0, B, G and SG represent the means for the four experimental 
groups. If, now, the effects of (G) and (S) are independent, the effect of their 
combined injection (SG — 0) is expected to equal the sum of their separate 
injections (G — 0) -|- (^ “ 0), or, simplifjdng, (SG + 0) is expected to equal 

TABLE 3 


Comparison of the difference between group means. Keg same as in table 1 


COMPABISON 

MEAN DIFFERENCE 

/ 

PROBABIUTY 

S-SG 

per cent 

51.7 

1.85 

>0.05 

S-G 

81.0 

4.52 

<0.01 

S-A 

196.6 

11.44 

<0.01 

S-0 

200.9 

11.37 

<0.01 

SG-G 

29.2 

1.11 

>0.05 

SG-A 

144.9 

5.62 

<0.01 

SG-0 

149.2 

5.71 

<0.01 

G-A 

115.7 

8.08 

<0.01 

G-0 

120.0 

8.06 

,<0.01 

A-0 

4.3 

0.31 

>0.05 


(S + G). An interaction or non-additive effect of the two substances in com- 
bination vdll therefore be measured by the difference 

(SG +0)~(S + G)= -171.7 per cent 

That this difference is statistically significant may be demonstrated b}'- com- 
paring its appropriate variance, 85637, after adjustment for non-proportionality 
in the numbers of animals tested in the four groups (4), with the error variance 
of table 2. The variance-ratio, F = 29.7, is much larger than the value ex- 
ceeded by chance in 1 per cent of trials. This discrepancy may represent an 
antagonism between the gelatin and salyrgan-theophylline, or the same mech- 
anism of action for both, when the upper limit of a dosage-effect can've has been 
approached by the concentration of the two substances injected separateljL 
In the absence of knowledge about the mechanism of the diuretic action of 
gelatin one can speculate only as to the difference in the effect brought about 
by autoclaving. It is known that autoclaAring causes some hydrolysis of the 
protein, and it seems likelj’’ that the lack of diuretic action after autocIaAu'ng is 
associated vrth a decrease in the average molecular weight. Since these animals 
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presumably had a normal plasma colloid osmotic pressure, it is possible that in 
the presence of a diminished plasma protein concentration gelatin which had 
been autoclaved might be effective. 

The difference between our results and those of Knowlton may be explained 
by the initial decrease in urine flow following gelatin injection. Knowlton alter- 
nated the injections of saline and saline-gelatin at intervals of a few minutes, 
and therefore would have seen only the immediate effect of gelatin which is 
usually antidiiiretic and not the dela 3 md effect. 

SUMMARY 

It has been shovm in normal unanesthetized dogs that the intravenous injec- 
tion of solutions of 0.9 per cent sodium chloride or autoclaved 6 per cent gelatin 
in saline produces an increase in urine flow which returns to the control level 
usually within 6 hours. Approximately So per cent of the fluid injected is 
recovered as excess urine during this period. 

XJnautoclaved gelatin or salyrgan-theophylline-saline gave a marked increase 
in urine flow lasting about 9 and G hours respectively. With the former the 
mean value for the excess urine flow is 169 per cent of the volume injected, while 
VTth the latter it is 250 per cent. In 5 experiments a combination of these 
two gave a value which was significantly less than that which would have been 
expected if the two effects were independent.^ 

It is concluded that 6 per cent unautoclaved gelatin is a diuretic substance 
when given int^avenousl 3 ^ 
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The performance of physical work in the heat can be affected for better or 
worse by a variety of factors, the most important being physical fitness and 
acclimatization, nutritional state, clothing and drugs. This paper deals with the 
effects of water, salt and glucose, vdth principal emphasis upon the attainment 
of the best possible perfonnance. The effects of water soluble vitamins will be 
mentioned briefly. The present material a\t 11 be restricted in two ways. First, 
attention will be confined to performance of fixed tasks by fully acclimatized 
men working mtermittentlj’- in moist or in diy heat. Therefore, the results are 
applicable to steel workers, miners and soldiers in the desert, all of whom usually 
do a day’s work in the heat and spend the rest of the time in cooler surroundings. 
Second, we shall consider only the immediate hour to hour effects of the above 
dietary factors upon men whose overall daily intake was always adequate in 
water, salt, carbohj'-drate and vitamins. There Arfll be no consideration of pro- 
longed deficiency or excess from day to day. 

Methods. Experiments Avere performed in the late fall or Avinter in a heated 
, room under hot dry (100 F., 30 per cent relath^e humidity) and hot moist con- 
ditions (95 F. and 90 F., 83 per cent relatiA>’e humidity). Six healthy young 
men, fully acclimatized as judged by the enteria of Robinson and colleagues 
(1943), marched at least three times a Aveek at 3.5 m.p.h. up grades Avhich AA^ill 
be specified in the tables. Depending upon the seA^erity of the temperature and 
humidity, AA^hich were constant in indiAudual series of expeiiments, they marched 
anyAvhere from one to six hours vdth a ten minute rest in each hour. Certain 
measurements were made periodically in eA'^ery experiment. These Avere: a, en- 
Auronmental temperature and humidity A\ith a sling psychrometer; h, pulse rate 
by palpation; c, rectal temperature AAith a calibrated clinical thermometer; 
d, SAA'^eating by net change in nude body AA'eight. Other measurements AA'ere 
made in some, but not all, experiments. These AA'ere: e, respiratory exchange 
bj’^ collection of expired air in a Tissot gasometer after the subject Avas in a steady 
state, analysis for carbon dioxide and oxj'^gcn AAuth the Haldane apparatus, and 
calculation of the oxygen consumption by standard procedures (Haldane, 1934; 
Peters andA^’an Styke, 1932); /, protem by the micro Kjeldahl method of Ma 

1 The AA’ork described in this paper Avas done under a contract, recommended by the Com- 
mittee on jMedical Research, betAA’cen the Office of Scientific Research and Development 
and the President and FcHoaa's of HarA'ard College. 

W’^e are also indebted to the Corn Industries Research Foundation for a portion of the 
costs of these studies. 
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and Zuazaga (1942), in serum or heparinized plasma depending upon the series 
of experiments under way at the time; g, serum or plasma chloride by the method 
of Volhard-Harvey (1878, 1910); and h, whole blood sugar by the method of 
Folin and Malmros (1929). Ingestion of water, salt, glucose or vitamins was 
as described below for individual series of experiments, and the results will be 
treated in four separate sections. 

Results. 1. Water. The most recent papers on the effects of water during 
work in hot climates (Lee and colleagues, 1940, 1941; Adolph, 1943; Bean and 
Eichna, 1943; Johnson, 1943) deal in general with the end results of dehydra- 
tion. The present data show the changes which occur progressively in work at 



Fig. 1. EfTecL of water consumption on inarching in the heat. (vSix experiments on sub- 
ject .1. S. at temperature 100°F., rc^lative humidity 35 to 45 per cent.) 


various levels of water intake. Six successive experiments on a single subject 
marching in dry heat are illustrated in figure 1. In individual experiments he 
drank either nothing, water enough to keep his thirst satisfied, or water every 
fifteen minutes equal to the sweat lost in that period. Two complete cycles of 
experiments were undertaken in twelve days. Three points arc clear from the 
figure: First, v/ithout water the rectal temperature rose steadily to high levels 
and .showed no .signs of reaching a steadj' state. Although the subject, being 
of far better than av'erage stamina, was able to march sixteen miles, he ^r.as very 
tired and inefficient at the end. Second, without water for the first hour, but 
thereiiftcr with enough to keep thirst quenched at all times, the rectal tempera- 
ture finally started to rise after remaining constantlj^ low for thirteen miles. 
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The subject was able to finish nineteen miles in fairly fresh condition. Finally, 
Avhen he forced himself to drink Avater at the same rate as he lost sweat, the bod}’^ 
temperature remained very low for this type of work, and the subject after six- 
teen miles said that he -could easilj'^ go on all day. It should be emphasized 
that during Avork men ncA*er Amluntarily drink as much AA’^ater as they sw^eat. 


TABLE 1 


Effects of water, saline and glucose during marching in the heat (In all experiments the 
pace was S.5 m.p.h., with 10 minutes^ rest in each hour) 

IN'GESTED DURING EXPERI- 
JtENT 

ROUTINE MEASUREMENTS 

OCCASIONAL MEASUREMENTS 

Time 

of. 

march- 

ing 

Experi- 

ments 

aver- 

aged 

Rectal 

tem- 

pera- 

ture 

Pulse 

rate 

Rate of 
siveat- 
ing 

Experi- 

ments 

aver- 

aged 




Blood 

sugar 

A. Aloist heat (dry bulb 90°F.; relative humidity, S0%; grade 4%; 2 subjects, fully clothed; constant diet) 

Nothing / 

AA'ater every 15 min. at rate 
equal J sweat loss 

hrs. 

1 

3 

1 

3 

total 

no. 

' 6 

0 

“F. 

101.0 

102.4 

100.6 

100.9 

beats/ 

min. 

■ 136 
168 
128 
142 

l./hr. 

1.48 

1.25 

1.39 

1.29 

1 total 
no. 

6 

G 

ml. /kg./ 
min. 

21.5 

23.5 

21.6 
22.3 

meq./l. 

107 

108 

104 

103 

sms./ 
too ml. 

6.3 

7.4 

6.3 

7.1 

mgiK./ 
JOO ml. 

B. Moist heat (dry bulb, 95°F.; relative humidity, 83%; grade 2.5%; 5 subjects, nude) 

Nothing 

1 

! fi 

101.7 

143 

1.17 







Water every 15 min. at rate] 
equal J sweat loss 


In ten other experiments, the subjeots stopped before the end of the second hour 
with rectal tcmpcraturcsovcrl03°F.and pulse rates over 170 


22 


101.6 

102.3 


139 

153 


1.41 

1.25 


C. Dry heat (dry bulb, 100°F.; relative humidity, 35%; grade 2.5%; 0 subjects, nude) 


Nothing 


1 1 

100.7 

122 

0.88 


19.3 

102 

7.1 

11 

102.1 

154 

0.76 

0 

20.0 

103 

8.2 


(In all the experiments below, nothing was ingested in the first hour; water, saline or glucose were ingested every 


4 hour thereafter) 


AA'ater ad lib. 

1 


100.9 

130 

0.86 

1 

20.7 

102 

7.3 


t 

4 


101.2 

143 

0.74 

21.2 

100 

7.8 


AA’ater every 15 min. equal to 

1 


100.8 

126 

0.94 


18.8 

103 

7.5 

104 

sweat loss 

4 


100.9 

132 

0.80 


18.4 

97 

7.8 

104 

0.2% saline every 15 min. 

1 


100.9 

123 

0.92 


20.0 

101 

7.1 

102 

equal sweat loss 

4 


100.9 

131 

0.81 


20.2 

99 

7.6 

106 

No water; 25 grams glucose 

.1 


100.5 

119 

0.82 


18.7 

101 

7.3 

103 

per hour 

4 


101.5 

144 

0.74 


19.6 

101 

8.1 

103 

AA'ater equal sweat loss; 25 

1 


100.6 

128 

0.90 


19.2 

101 

7.1 

98 

grams glucose per hour 

4 


100.5 

126 

0.71 


18.6 

95 

7.7 

92 

No water; 100 grams glucose 

1 

1 

100.7 

118 

0.77 


18.6 

97 

7.2 

95 

per hour 

4 

102.4 

154 

0.74 


18.6 

(103 

7.8 

154 

AA’ater equal sweat loss; 100 

1 


100.6 

134 

0.99 

1 

18.8 

102 

7.3 

122 

grams glucose per hour 

4 


101.3 

148 

0.77 

16.9 

96 

8.2 

160 


cA’cn though this is adArantageous for maintaining heat balance, but usually 
drink at a rate approximating about tAvo-thirds of the Avater lo.ss in sweat. 
Although cool AA’ater is more palatable, Avater at any temperature up to 100°F. is 
equally beneficial. The deficit is made up in the rest periods folloAAung the day’s 
Avork (see Adolph and Dill, 1938; Dill, 1938). . 
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Significant physiological and biochemical changes may occur in the heat dur- 
ing prolonged work -uithout water to drink. The data presented in table 1 are 
most satisfactorily interpreted by comparing increments or decrements during 
the course of the various t3T3es of experiment. The absolute levels for any given 
measurement are less instructive, since the same subjects were not used in all 
cases, and individual peculiarities in some cases make large differences in the 
absolute value of the mean. However, all of the subjects showed the same t3T)e 
of change in mdi\’idual experiments, which makes the increment or decrement 
more satisfactory than the absolute level for purposes of comparison. When 
water is withheld it is found that: the rectal temperature and pulse rate rise 
steadily to uncomfortably liigh levels; the rate of s\veating declines steadily; 
mechanical efficiency decreases as is shoAvn by an increase in oxygen consump- 
tion; and serum protein increases. The subject gmdually feels worse and worse, 
and eventually becomes incapacitated from exhaustion of dehydration, no matter 
how tough or well acclimatized he may be. Administration of water combats 
all of these undesirable changes, and in general the more nearly water intake 
approximates sweat loss, the better off the subject remains. This is true for 
moist as well as dry heat as vull be seen by comparing sections A and B with C 
in table 1. 

There is a common misconception that evaporation is of relative unimportance 
as an avenue of heat loss under humid conditions. When men have to dissipate 
about 400 Cal. per hour, as our subjects did, evaporation of sweat has to be the 
chief source of heat loss so long as the relative humidity remains below 100 per 
cent. Otherwise heat exhaustion supervenes rapidly imless the rate of Avork 
decreases. Under the almost intolerable conditions fisted in table 1 B, ingestion 
of water enabled the subjects to maintain their relative rate of sweating and 
strikingly to improve their performance. The reason that so few experiments 
Avithout water are listed is that for comparath’-e purposes Ave have fisted only 
experiments in which the subject could finish tAA'o hours. In most of the experi- 
ments Avithout AA-^ater, the subjects failed to finish the second hour. 

2. Salt. The ill effects of progresshm depletion of the salt reserA'^es are AveU 
ImoAAn (Talbott, 1935; Taylor and colleagues, 1943). We inA’^estigated the 
effects of administering salt during the day’s AA'ork in an attempt to determine 
Avhether this is adAmntageous for fully acclimatized men Avho recewe adequate 
amounts of salt in the daily diet. As pointed out above (section 1) the effects 
of plain AA’ater are so striking that any further effects of salt liaA’-e to be compared 
AAuth this large effect of AA'ater. As is common experience, in experiments testing 
the effects of salt AAuthout Avater, 10 per cent saline or salt tablets AAithout AA^ater 
AA'ere s*^ di.stre.ssing to the subjects that it AA'as far preferable to go AAuthout anj’^- 
thing. Administration of plain Avater equal in Amlume to the SAveat led to the 
beneficial effects discussed aboA'e (table 1C). It is appropriate to emphasize 
at this point that the serum chloride remains remarkably constant in prolonged 
AA'ork in the heat, cAmn in spite of profuse SAA-eating, provided the overall dailj’' 
intake of salt AA'ith the meals is adequate. Therefore in the present experiments 
it caused no .surprise that administration of 0.2 per cent aqueous saline equal in 
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volume to the sweat produced substantially the same effects as the administration 
of an equal volume of plain water. There was perhaps a tendency for the saline 
to maintain the rate of sweating better than plain water and also to sustain the 
serum cliloride better. Neither of these tendencies was strildng, and the per- 
formance of the subjects certainly did not benefit from them. 

Further tests on this point were conducted on eleven subjects marching out- 
doors in a Boston summer. On two occasions all marched 10 miles continuously 
at 4.5 m.p.h, receiving every two miles water approximately equal in volume to 
the sweat. On the first occasion the first five subjects received a total of nine 
grams of salt in enteric coated tablets taken three grams per hour for three hours 
prior to the march. On the second occasion the last six subjects, but not the 
fii’st five,, received salt in the above manner. By comparing the averages for the 
two groups, it w'as possible to observe the effects of the salt independently of 
the water. There was no beneficial effect of the salt on the subjects’ feelings, 
pulse rates or rectal temperatures. In fact, gastro-intestinal uneasiness was felt 
by those who had received salt tablets, and their pulse rates and rectal tempera- 
tures were slightlj’- less good than those who received only water. 

3. Glucose. It has been reported that ingestion of glucose may be beneficial 
in avoiding or treating heat cramps and heat exhaustion (see a critical review by 
Talbott, 1935). \ In testing the possible beneficial influence of glucose, we com- 
pared the effects of moderate and of large amounts of glucose with and without 
water to drink against the effects of water alone (table 1, C).' We may dismiss 
the large doses (100 grams per hr.) of glucose briefly. The subjects felt nause- 
ated and so uncomfortable that there was obviously no point in getting more data 
than we got in the two experiments listed. With small doses of glucose (25 grams 
of glucose dissolved in about 30 ml. of water) there was a small but definite 
advantage over experiments when no water was permitted. This could have 
been due to the small amounts of water in which the glucose had to be dissolved 
before ingestion. In these experiments with glucose, but almost no water, the in- 
creases in pulse rate and rectal temperature, and the decreases in rate of sweatings 
were almost as large as when neither water nor glucose were taken. The effects 
upon ox 3 ’'gen consumption, plasma chloride, plasma protein and blood sugar 
were insignificant. These effects w'ere very small in comparison with the bene- 
ficial effects of water equal in volume to the sweat, and were more than counter- 
balanced by the feeling of gastro-intestinal uneasiness, vith occasional twinges 
of nausea, which all of the subjects experienced. AMhen 25 grams of glucose 
hourly w'ere administered in addition to water equal to the sweat, no significant 
advantage in favor of glucose could be detected with the possible exception of 
a slightly more favorable pulse rate. There were no gastro-intestinal complaints 
in such experiments. ' 

4. VitamiTis. We have been unable to detect any advantage from adminis- 
tering 200 mgm. of ascorbic acid, 20 mgm. of thiamine hydrochloride, 20 mgm. 
of riboflavin or large doses of brewer’s yeast, either singly or together either 
during work or the day before. In this connection, recent reports suggest that 
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losses of water soluble vitamins in sweat are negligible. For a review of this 
somewhat controversial field see Sargent, Robinson and Johnson (19M). 

Discussion. It would appear from the present experiments that in the case 
of well acclimatized young men whose daily diet is adequate, the best perfoim- 
ance of inteiTnittent work in the heat is to be achiei'ed b}'’ replacing water loss 
hour b}’^ hour and salt loss meal bj^ meal. 

The practical limitations of tliis idealized situation are many. ' Water trans- 
port and supply are sometimes difficult. IWien water is available, it should not 
be forbidden on the traditional ground that during Avork it is bad for one (see 
Johnson, 1943, for a discus.sion of this point), but men should be encouraged to 
drink to capacity. Even the toughest, be.st acclimatized men suffer serious 
inefficiency in a few hours while working hard without Avater. We have seen a 
case of true exliaustion of dehydration in a man mamhing for six hours at — 20°F. 
In addition, there is no economy in A\-ater to be gained by restriction during AA'ork, 
since for practical purposes the Io.ss of SAveat is about as great AA'hether or not 
AA'ater is drunk. 

Another practical difficulty sometimes is that a good daily diet is not aA'^ailable 
because of failure of supply or is not eaten because of ignorance, or anorexia 
AA'hich is so common in hot enA'ironments. Undei’ such circumstances it is highly 
desirable to ensure adequate intake at least of salt, by means of salted drinking 
AA-ater or tablets, and probably of Autamins by means of concentrates. 

SUMALA.RY 

1. The best performance of fully acclimatized young men on a good daily 
diet, perfoi-ming intermittent hard AA'ork in the heat, is achieA^ed bj’’ replacing 
hour by hour the Avater lost in SAA'eat. Any amount of AA'ater considerably less 
than this leads in a matter of hours to .serious inefficiency and eA'^entually to 
exhaustion. 

2. Replacement of salt hour by hour under such circumstances has no demon- 
strable adA'antage. 

3. Administration of glucose is of little if any adA'antage AA'hen compared Avith 
the great benefit of large amounts of AA-ater. 

4. ."WTien practical problems of transportation and supply, lack of appreciation 
of the importance of AA-ater and salt, or the anorexia AA'liich is so common in hot 
environments, interfere AA-ith adequate intake, it may become desirable to supply 
salt in the drinking AA-ater, or less .satisfactorily, in the form of tablets. 
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Anoxic anoxia (1, 2) and anemic anoxia as tvell (3) have been shovai to delaj" 
gastric emptying in both man and dog. It further has been demonstrated that 
anoxic anoxia depresses the motility and tone of the muscles of the colon of the 
dog (4). T\Tiile the propulsive motility of the small intestine in mice has been 
found to be significantly depressed by moderate degrees of anoxic anoxia even 
severe degrees of this type of anoxia have no appreciable effect in the case of 
the dog. 

As far as the authors are aware no quantitative studies have been reported 
of the effect of anemic anoxia on the motility of the intact small intestine in the 
unanesthetized dog, nor have studies been reported of the effect of vaiious 
degrees of hemorrhage on the movements of the colon. In view of this it was 
deemed of interest to studj’’ the effect of anemic anoxia on the propulsive motility 
of the small intestine and the colon in these animals. 

Methods, a. The effect of hemorrhage on the motility of the small intestine. 
Matched pairs of animals prewously fasted 24 hours were used; one as a control, 
the other as an experimental animal. 

In one group the animals were lightly anesthetized with ether, the femoral 
arterj' exposed and a cannula inserted and an amount of blood withch’awn equal 
to 1.0 per cent of the body weight. The wound was closed and the animals 
were allowed six hours to recuperate from the effects of the anesthetic agent and 
the immediate effects of the hemorrhage. At the end of that time they were 
given 50 cc. of a suspension of 10 per cent powdered charcoal in a 10 per cent 
aqueous solution of gum acacia by stomach tube. Thirty minutes later a fatal 
concentration of ether was administered, the small intestines removed and the 
distance the charcoal mixture had traversed the gut measured. 

In another group of dogs the same procedure was followed, except that thej’’ 
were hemorrhaged 3 per cent of their body weight. 

In each group control animals were treated exactly the same as the experi- 
mental animals with the exception that no blood was withdrawal. 

b. The effect of hemorrhage on the motility of the colon. Lightly barbitalized 
dogs were used (250 mgm. of sodium barbital per kilo body weight). The colon 
was expo=:ed by a midline incision and the movements of the longitudinal muscles 
were recorded bj' means of an enterograph described by Lawson (5). 

After a control tracing of the movements of the muscles of the colon was 
taken, a cannula wa-s placed in the femoral vein and the animals subjected to 

^ .\ided by a grant of the Ella Sachs Plotz Foundation. 
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successive hemorrhages as follows: 1.5, 0.7, 0.8 and 0.5 per cent of their body 
weight. A few of the animals withstood even more severe hemorrhage. In all 
instances tracings of the contraction of the colon were taken until the hemorrhage 
proved fat.al. Although a A’-ariable interval Avas allowed between each bleeding, 
the majority of the experiments Avere conducted over a period of about four 
hours. iUtogether fourteen animals AA'ere used. 

Results. Table 1 sIioaa's that AA'hen the animals lost an amount of blood 
equal to 1.6 per cent of their body AA’eight the propulsiA^e motility of the small 
intestine is not significantly influenced. The data suggest, hoAA'eA^er, that mo- 
tility is someAvhat accelerated. The data in table 2 shoAV that AAdien the animals 
lose blood equal to 3 per cent of their body AA'eight, the propulsiA^e motility of the 
small intestine is significant!}^ increased. 

TABLE 1 


The effect of hemorrhage (1.6 per cent of body weight) on the motility of the small intestine 

of the dog 


CONTROL 

EXPERIilENTAL 

Body wt. 

Length of 
intestine 

Length of gut traversed 
bj’ charcoal 

Body wt. 

Length of 
• Intestine 

Length of gut traversed 
by charcoal 

tgm. 

an. 1 

an. 

per cent 

kgm. 

cm. 

cm. 

per cent 

9. 78 

234 

152 

65 

10.1 

201 

155 

77 

7.88 

225 

168 

75 


260 

79 

30 

11.6 

301 

157 

52 


270 

195 

72 

6.29 

217 

98 

45 


317 

127 

40 

8.28 

243 

126 

52 

11.0 

317 

258 

81 

9.67 

268 

229 

85 

7.71 

323 

213 

66 

16.2 

319 

245 

77 

12.2 

323 

272 

84 

10.4 

235 

62 

26 

8.84 

225 

196 

87 

16.3 

319 

250 

78 

10.4 

260 

182 

70 

11.1 

322 

47 

15 

12.8 

327 

205 

63 

Avg — 10.8 

268 

153 

57* 

9.53 

282 

188 

67* 


* Difference = 10 per cent; t = 1.0629; P (according to Fisher) = > .20. 


EA'^en though pairs of dogs matched in AA’^eight and size AA'ere used, there AA'as 
considerable indiAudual A^ariation in the total length of the gut. It AA'as neces- 
sary, therefore, to use percentage figures; these have an elliptical distribution. 
Since this type of data does not lend itself accurately to statistical treatment 
unless all the Amlues fall aboA'^e 10 and beloAV 90 per cent, only those data AAdiich 
fell AAuthin these hmits AA^ere used. 

The accompanying figures (1-3) Ulu-strate the effect of graded hemorrhages 
on the motility and tonus of the longitudinal muscles of the colon. Whereas 
.the}’’ all shoAv that hemorrhage is capable of producing a depression of colonic 
motility, each graph illustrates a specific feature. Figure 1 shoAvs a marked 
reduction in the height of contractions as aa'cII as a decrease in number folloAA’’ing 
hemorrhage. Figure 2 illustrates that hemorrhage is capable of producing a 
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noticeable reduction in tone of the muscles of the colon. Figure 3 shows that 
the muscles of the colon are still capable of contracting even though the animal 
has suffered a severe hemorrhage. 


TABLE 2 


The effect of hemorrhage (3 per cent of body weight) on the motility of the small intestine of the 

dog 


CONTKOL 

EXPERIilENTAL 

Body \vt. 

LcnKth of 
intestine 

Length of gut traversed 
by charcoal ' 

Body tvt. 

Length of 
intestine 

Length of gut traversed 
by charcoal 

Hit- 

cm. 

1 cm. 

per cent 

kgm. 

cm. 

cm. 

per cent 

10.8 

259 

195 

75 

11.7 

263 i 

170 

65 

7.71 

207 

88 

43 

8.05 

200 i 

174 1 

87 

8.33 

261 ! 

63 

24 

7.43 

186 

161 

87 

0.24 1 

267 

147 

55 

7.20 

204 

160 

78 

10.7 1 

327 

254 1 

78 

i 10. 8 

333 

200 

60 

13.2 

289 

115 

40 

13.6 

242 

150 

62 

7.96 

237 

123 ! 

52 

i 8.11 

312 

256 

82 

14.1 

265 

240 ! 

91 

[ 14.6 

271 

246 

91 





12.64 

300 

138 

46 

6.18 

236 

79 

33 

5.44 

1 

181 

140 


Avg.... 9.47 * 

261 

145 

55* 

8.64 

249 

180 

74* 


* DifTerence = 19 per cent; t = 2.302; P (according to Fisher) = 0.033. 










Fig. 1 



Fig. 2 Fig, 3 


Discussion. It i.s difficult to explain why hemorrhage increase.? the propul- 
sive motility of the small inte.stine for it definitely has been .shown (3) that gastiic 
emptying is dela 3 '’cd by hemorrhage both in man and in the dog. 

It is known that hemorrhage iiroduces changes in the organism which simulate 
those produced by stimulation of the sjunpathetic division of the autonomic 
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nen^oiis sj’^stem. Followng a significant hemorrhage the heart rate increases, 
vasoconstiiction occurs, gastric motility is decreased and certain other changes 
occur wliicli somewhat simulate S 5 ’-mpathetic stimulation. Since the innen'^ation 
of the small intestine presumably is the same as that of the stomach, it would be 
expected that hemorrhage likewise would have a depressing effect on gut motility. 

It has been shovm in our laboratory that the small intestine of the dog is 
extremely resistant to anoxic anoxia (4). Even severe degrees of anoxia (partial 
pressures of O 2 from 80-43 mm. Hg) had no significant depressing action on its 
propulsive motility. It now appears that the small intestine is quite resistant to 
anemic anoxia as well. 

It has been shown by Gellhorn and his co-Avorkers (6) that anoxic anoxia is 
capable of stimulating both sympathetic and parasjunpathetic centers. As a 
rule sympathetic stimulation predominates and masks the parasympathetic 
effect. Gellhorn and his associates have further shoAAm that the vago-insulin 
system and sympathetico-adrenal system may be stimulated as AA'^ell by such 
agents as cold and heat (7) and still others. 

To our knoAAdedge it has neA’^er been shoAAm that hemorrhage (anemic anoxia) 
causes a greater stimulation of the parasympathetic nerves than of the sympa- 
thetic. Our results, hoAAwer, appear to indicate that hemorrhage produced a 
greater stimulation of the parasympathetic neives AA'hich supply the small intes- 
tine than it did the sympathetic; for the present tliis seems to be the most 
plausible interpretation. 

It is possible that a humoral mechanism may be involved. In 1918 Carlson 
(8) reported experiments perfoimed on the effect of acute hemorrhage on hunger 
contractions. He obsei’V’^ed that after dogs had been bled 30 per cent of their 
calculated blood volume, the tone of the stomach Avas increased and hunger 
contractions intensified. This augmented effect disappeared in less than tAA^enty- 
four hours.* His interpretation AA'as that tissues deprived of so much nutrith’^e 
material probably liberated a hormone AA'hich stimulated hunger contractions. 
This hypothesis, for AA'hich no subsequent proof has been offered, is an inviting 
one and AA'ould explain AA'hy hemorrhage caused an increase in propulsive motility 
of the small intestine. 

It is in order noAA' to discuss briefly' the effect of hemorrhage on the motility 
of the colon. The graphs indicate that hemorrhage may produce a decrease in 
the height or number of the contractions of the colon or a change in tone or some 
combination of these factors. The general effect is one of depression. 

That hemorrhage may initially stimulate the colonic musculature is CAudent 
in figure 1. A number of times it AA'as observed that immediately folloAAdng a 
hemorrhage the longitudinal muscles of the colon shoAA'ed a distinct spasm, later 
folloAA'ed by a depression of activity. The intestinal spasm Avas not considered 
a result of mechanical manipulation, since eA'^ery effort Avas made to minimize 
this factor; moreoA'er, the animal AA'as under light barbital anesthesia. The 
marked dyspnea produced by the anemic anoxia is clearly indicated in figure 3. 

Of the fourteen animals used the 'majority shoAA'ed some depression of colonic 
activity folloAA'ing a hemorrhage equal approximately to 1,5' per cent of their 
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body weight. This was considered the threshold for the average animal. Two 
of the fourteen animals were very resistant to hemoiThage and the activity of 
the colon showed but little depression until the amount of blood withdrawn 
caused the animal to cease breathing. ; 

On the whole, the experiments indicate that the activity of the longitudinal 
muscles of the colon are relatively resistant to anemic anoxia. It should be 
borne in mind, however, that the dog has a very short colon- and the results 
obtained in this animal may not be entirely applicable to man, 

SUMMARY 

A study was made of the effect of hemorrhage (anemic anoxia) on the motility 
of the colon in lightly barbitalized dogs and of the small intestine in unanesthe- 
tized animals, 

Follovdng a significant hemorrhage the longitudinal muscles of the colon, as 
recorded by an enterograph, may show a decrease in the height or in the number 
of contractions, a change in tone or some combination of these factors, A few 
of the animals studied were highly resistant to the effects of hemorrhage; how- 
ever, the majority showed a depression in activity of colonic musculature after 
they had lost a quantity of blood equal to 1,5 per cent of their body weight. 

In a group of dogs subjected to a hemorrhage equivalent to 3 per cent of their 
body weight, it was observed that a powdered charcoal-acacia mixture, given 
by stomach tube had traversed 74 per cent of the total length of the small 
intestine at the end of thirty minutes. In contrast, the value for the control 
group Avas 55 per cent. The difference Avas highly significant statistically. No 
entirely adequate explanation can be offered A\'hy anemic anoxia accelerated the 
propulsive movements of the small intestine. The most plausible explanation 
in this instance is that, contrary to the general rule, hemorrhage stimulated the 
parasympathetic nerA^es more than it did the sympathetic ,- 

We AAash to express our thanks to Dr. Hampden LaAvson for the use of his 
enterograph, 
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In view of the important role played by vitamins of the B group in the enzyme 
systems associated with energy transformations m the animal body (29) it is 
reasonable to expect some relationship between dietary deficiencies in these 
vitamins and work output. Johnson et al. (18) have reported complaints of 
easy fatigue and deterioration of physical fitness within a period of 7 to 10 days 
in previously normal adults subjected to hard physical labor when maintained 
on thiamine deficient diets. Barborka et al. (4) also found a diminution in work 
output in trained subjects when the intake of vitamin B complex was lowered. 
Work output increased to previous levels when the vitamin B complex was 
restored to the diet. Increased fatigability was reported b 3 ’- Williams, Mason 
et al. (36) in women subjected to only slight reduction ia vitamin Bi iutake. 
Keys (20, 21, 22) on the basis of tests made on young adult males categorically 
denies an early reduction in work output as a result of Autamin B complex 
deficiency. Kniazuk and Molitor (23) have shovm that in rats a thiamine 
deficient diet results in a rapid hnd marked decrease in work-performance Avhich 
is promptly restored by the administration of thiamine. The ymrk-performance 
of nondeficient animals was not significantly improved by the administration 
■ of large doses of thiamine. Excessive intake of vitamins has not proved effective 
in increasing the work output in human subjects receiving an adequate diet 
(12, 21, 22, 32), although administration of surplus vitamin B complex has been 
reported to increase the fusion frequency of flicker (32). Nicotinic acid amide 
administration has also been reported to increase the efficienc}'" of adequately 
nourished young adults in performing tasks requhing both physical effort and 
co-ordination (13). Much of this hterature has been reviewed recentty by Kej'-s 
(20). 

Thus there is considerable disagreement and confusion in the experimental 
data on humans with respect to the effect of Autamins on muscular work. Part 
of this disagreement may lie in the difficulties of measuring “fatigue”, “work 
output”, or “physical fitness” in- the human subject. Nor can it be said that all 
experiments reported Avere free from psychological and training factors which maj’’ 
gi'eatly influence the Avork output of humans. In animal experiments certain 
of these disturbing factors may be rninimized and even eliminated. In such 
experiments uniform conditions of stimulation can be maintained and a fatigue 
curAm for a single muscle can be obtained under standardized conditions. KnoAvn 
concentrations of pure Autamin products can be perfused through the muscle 

^ AAltli technical assistance of Marvin J. Yiengst. 
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and fatigue curves obtained from vhich. the work done can be estimated. With 
this aiTTr> the following experiments were performed on perfused frog preparations. 
The effect of thiamine, ribofla^dn, nicotinic acid amide, p^widoxine and calcium 
pantothenate on work output was tested on perfused frog muscles. It should 
be noted that results from such animal experiments cannot be directly applied to 
the work capacity of the intact organism since reduction of work output in the 
intact organism is rarely due to fatigue of the muscle itself. 

Expermental. The expeiimental procedure was adapted from that of 
Eddy (10). The fatigue curve was graphically recorded for each gastrocnemius 
muscle of a frog, uniformly loaded, and uniformly stimulated. One gastrocne- 
mius was perfused through the general circulation with abufferedglucose-Ringer’s 
solution only, the other was perfused in like manner with the vitamin added to the 
Ringer’s solution. Medium sized summer frogs (Rana pipiens) were used in 
the experiments. The frog was pithed and the spinal cord destroyed. Fine 
copper vires (no. 36) were attached to each Achilles tendon and a cannula was 
inserted into the aorta thi'ough a cut in the ventricle. A buffered glucose- 
Ringer’s solution was perfused through the animal at a rate of 3.0 cc. per minute. 
The rate was controlled by a stopcock and was kept uniform throughout the 
experiment. The auricles were cut to permit free outflow of the perfusion fluid. 
The frog was mounted vertically on a board and the wire from the tendon at- 
tached to an isotonic muscle lever recording on a smoked drum vith a magnifi- 
cation of 1 to 9.5. A ten gram load was attached directly to the muscle which 
was not after-loaded. Stimulation was afforded by break shocks (make shocks 
shorted) from the inductorium through the copper vire attached to the tendon 
and a needle inserted into the knee joint. Stimuli eliciting initially maximal 
contractions were applied automaticallj'^ through a motor driven commutator 
at a rate of 32 per minute. The primary current to the inductorinm was broken 
b}’' a spring relay with silver contacts. 

The buffered glucose-Ringer’s solution used had the follo\ving composition; 
27.4 mM NaHCOs per liter, 2.0 mM KCl per liter, 86.0 mM NaCl per liter, 1.1 
raM CaClj per liter, 2.0 grams dextrose per liter and 7.5 mgm. phenol red per 
liter. A stock solution containing the NaHCOs, KCl, NaCl and phenol red was 
prepared and kept satmated 'vith a gas mixture of 5 per cent C02-95 per cent 
O 2 . Glucose and CaCh were added to the stock solution just before use. The 
calcimn content of the perfusion fluid was adjusted to 1.1 mM per liter by diluting 
12.1 ml. of a 90.8 mM/1. stock solution of CaCh to 1 liter with the glucose- 
Ringer’s solution that had just been prepared. The Ca content of the standard 
CaCh solution was determined manometrically by the method of Van Slyke and 
Sendroy (27). Any solutions from which CaCOj began to precipitate were dis- 
carded. The pH of the buffered perfusion fluid was 7.40 ±0.05 at 25°C. as 
calculated and checked vith the glass electrode. A mixture of 5 per cent CO 2 - 
95 per cent O 2 (checked by analj'sis on a 10.0 cc. Haldane gas apparatus) was 
continuously bubbled through the perfusion fluid during the experiments. 

Stock solutions containing 100 mM per liter of each of the ^dtamins were 
prepared bj’' weighing the appropriate amount of the pure vitamin and dis- 
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solving in distilled water. These stock solutions were kept in the refrigerator 
and 1.0 ml. of a 1 to 100 dilution added to each 100 ml. of buffered glucose- 
Ringer’s just prior to use to give a final concentration of 0.01 mi\'I per liter 
of the vitamin in the perfusion fluid. 

After preparation of the animal a fatigue cur\’^e was run on the left gastrocne- 
mius muscle while perfused with the vitamin-free glucose-Ringer’s solution under 
the conditions outlined. Stimulation was continued for 15 minutes. At the 
end of this time the right gastrocnemius muscle Avas attached to the muscle 
leAmr recording system and a single break shock administered to see that its 
initial contraction A\'as not greatl}'’ different from that obtained originall}'’ from 
the left gastrocnemius. If the contractions Avere similar, the perfusion fluid 
AA’as changed to that containing the Autamin to be tested. The perfusion aa'us 
continued for 15 minutes during AA'hich time the right muscle was after-loaded 
to preAmut stretching. At the end of this time the after-loading AA^as remoA^ed 
and a fatigue curAm AA'as recorded AA-ith stimulation for 15 minutes. Methylene 
blue AA^as then added to the perfusion fluid to test the adequac 3 '- of the perfusion. 
All experiments in AA^hich there AA’^as anj'- difference in the intensity of the blue 
color of the tAA’^o legs, or difference in the rate at AARich the color dcA'^eloped in the 
tAA’o legs, AA^ere discarded. Groups of 10 animals AA^ere used in testing each Adta- 
min. 

Treatment of the data. From the fatigue curves, examples of which are shoAvn 
in figure 1, A and B, the total Avork done b}^ each muscle Avas estimated in the 
folloAAdng manner. The height of contraction Avas measured at each minute 
of the exercise. These A^alues AA-ere plotted on co-ordinate paper and a smooth 
curAm draAATi through the points as .sIioaati in figure 2. The area bounded bj^ this 
smooth curve, the 15 minute ordinate and the x and y axes, Avas measured AAuth 
a planimeter. This area, multiplied bj'- an appropriate factor- gaA’^e the total 
AAmrk done in gram-centimeters. 

AA^erage Amines of AA'ork done, AAnth their standard errors, AA’ere computed for 
each set of 10 experunents and the differences betAA'een the AA-ork done bj’- the 

-Let y = the lieight of each contraction recorded on tlie drum and hi = magnification 
of lever arm (1/9.5) 

Work done per contraction = hi yin, where m = Aveight lifted. 

Work done in time dl is therefore, 

dW = hi ym dt and the total work done between and t« 

with a stimulation rate of 32 per minute under the conditions of the present e.xperiment 
is, 

TF = 32fc , m [ ^y dl 

= 32 10 / *■ ydl = 33.7 A 

9.5 J/j 

r>, 

where A = ( y dt = Area beneath curve in millimeter minutes. 
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control and experimental muscles AA*ere calculated.’ Statistical tests of the 
significance of the obserA’ed dififerences were applied. 

Results. Total work oulpiil. Experiments Avere first run in Avhich the 
buffered Ringer’s solution Avas perfused through both legs. Fatigue curA'es 
from such an experiment are shoAATi in the upper part of figure 1 (A). Similar 
performance Avas obsen^ed in each leg. In a series of 10 e.vperiments the aA'erage 
AA-ork output of the first leg (left) aa'us 1891 ± 82.2 gram-centimeters’ AA'hile that 
of the second leg (right) AA-as 1822.6 =h 82.1 gram-centimeters. The difference 
of 68.6 gram-centimeters Avas not statistically significant (see line 1, table 1). 


A 



Fig. 1. Work curi-es of frog gastrocnemius muscles. Isotonic muscle leA'cr, 9.3:1 
magnification. 10 gram load, no aftcrloading. Stimulation 32 per min., break shocks. A. 
lAitt and right muscles perfused through general circulation with bulTercd glucose-Piinger's 
solution. B. Jjeft muscle perfused with buffered glucose-Ringer's solution; right muscle, 
perfused with buffered glucose-Ringer’s plus 0.01 mM thiamine hydrochloride per L. 


The loAA'er part of figure 1 (B) shoAA's sample fatigue curres obtained AA'hen 0.01 
raM thiamine AA'as added to each liter of perfusion fluid. At'erage A'alues of 
total work output obtained AA'hen 0.01 mAI per liter of the A-arious A-itamin 
preparations AA'ere added to the buffered glucose-Ringer’s perfused through the 

For the planimeter used, 1000 mm. rain. = 1.550 units 


33.7-50 

1.550 


10S5 


Although these measurements do not give the absolute magnitude of the Avork done 
because of differences in muscle Auscosity, inertia of the lev'er, etc., the A'alues obtained 
are closely correlated Avith the true work of the muscle. 

-The standard error of the mean was calculated from the formula a-,, = — where 

Va 

a is the standard deA-iation of the distribution calculated as . The standard 

error of the difference between the means was calculated from the formula 


a/ C-jfKj. -}- 


VJ.fr.y 


2r 




where 


r« = - 


A Cz’Ot, 


• {Guilford, 15) 


< .All means arc followed by =1 standard error. 
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second leg are assembled in table 1. This table shows that addition of either 
calcium pantothenate or thiamine hydrochloride at a concentration of 0.01 m'M 
per liter to the perfusion fluid results in an increase in work output of about 
18 per cent which is statistically significant. The increase in work output ob- 
seiwed with pyridoxine and nicotmic acid amide is not statistically significant.® 
Riboflavin, at a concentration of 0.01 mM per liter had no apparent effect on the 
total work output. 



Fig. 2. Plots of work curves of frog gastrocnemius muscles, showing height of contract- 

tion. Left muscle ; Right muscle . A. Right and left muscles perfused with 

buffered glucose-Ringer’s solution. B. Left muscle perfused with buffered glucose- 
Ringer's solution, right muscle perfused with glucose-Ringer’s solution plus 0.01 mhl/L 
thiamine. 


TABLE 1 


Effect of vitamin administration on the total work (ntlpvi of perfused frog muscle 



WORK otrrroT 

COSTROt LKG 

WORK OUTPUT, 
EXPERIMENT IXC 

riv 

av.tkcreasein 

WORK DONE 

CRITICAL 

RATIO 

Control 

1891. 2 ziz 82.2* 

1822.6 zb 82.1* 

0.73 j 

gm.-cm. 

68.G=fc G0,4* 

1.1 

Ca pantothenate 0.01 
mM/1 

1945.8 dz 55.0 

2304.3 zb 71.8 

0.45 ' 

358.5 db 68.2 

5.2 

Thiamine HCI 0.01 
mhl/l 

1952.4 zb 72.0 

2219.1 zb 61.2 1 

0.41 

306.7 zb 73.3 

5.0 

Pyridoxine HCI 0.01 
mM/1 

1794.5 ziz 54.2 

1961. 2 zb 58.5 1 

0.48 

166.7 zb 57.6 

2.9 

HicotinamideO.Ol roM/1 . 

1890.0 zb 43.3 

2011.0 zb 59.1 1 

0.42 

115.0 zb 50.7 

2.0 

Riboflavinf 0.01 mM/1. . . 

1907.0 zbl22.2 

1953.2 zbl35. 8 

0.G5 

-13.8 zblOS.l 

0.1 


* All means are followed by ±1 standard error, 
t Based on 6 experiments; in all others K = 10. 


Dkiribution of work output. With the above demonstration of an increase 
in total work output with the perfusion of thiamine or calcium pantothenate, 
an analj’^sis of tlie effects of vitamin administration on the distribution of work 
during the exercise period was made. For this purpose the average height of 

* It may be noted that if a single aberrant experiment is excluded from the pyridoxine 
series the results show a mean difference of 202.2 ± 4S.1 gram centimeters of work which 
has a critical ratio of 4.2. Similar exclusion of one experiment from the nicotinic acid 
amide series jncrc.ases the moan difference to 196,4 ± 4G.0 gram centimeters witli a critical 
ratio of 4.2. 
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Fig, 3. Average work curves for frog gastrocnemius muscles. Left muscle perfused with 

buffered glucose-Ringer’s solution; . Right muscle perfused with buffered glucose 

Ringer’s solution plus the vitamin preparation; . A. Control — no vitamin. B. — 

0.01 mM/L Calcium pantothenate; C. — 0.01 mhl/L Thiamine hydrochloride; D 0.01 mhl/L 
Nicotinic acid amide; E, 0.01 mil/L pyridoxine hydrochloride; F, 0.01 mM/L riboflavin. 



Fig. 4. Average percent increase in work of perfused frog gastrocnemius muscle 

Control (no vitamin added to perfusion fluid of second muscle) Ca panto- 
thenate Thiamine hydrochloride. P 3 -ridoxine hj’drochloridc 

Nicotinic acid amide. Riboflav'in. Differences greater than IS 

percent are s tatisticalh' significant . Negative values indicate smaller average contraction 
of the second or vitamin treated muscle than of the untreated muscle. 
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contraction at each minute of the \vork period was calculated for the control 
and vitamin treated muscles. Plots of these average curves are shovm in figure 
3. The average difference between the control and vitamin treated muscle 
at each minute was calculated. Figure 4 shows a plot of the percentage dif- 
ferences.® The standard error of the mean difference w’’as calculated for the 
point showing the maximum difference (in mm.) with the followmg results; 
calcium pantothenate 10.8 ± 1.97 mm. (C.R. = 5.5) at 9 min.; thiamine, 9.5 
± 2.66 mm. (C.R. = 3.6) at 11 min.; nicotinic acid amide, 5.0 ± 1.66 mm. 
(C.E,. = 3.0) at 11 min.; pj'ridoxine 5.7 db 172 mm. (C.R. = 3.3) at 12 min. and 
riboflavin 4.3 ± 3.51 mm. (C.R. = 1.2) at 11 min. Thus the improvement is 
statistical^ significant for all the ^’itamins tested except riboflavin. Figure 4 
shows that addition of all the ^dtamins tested increases the work output most 
markedly in the later stages of fatigue. In fact, no improvement is observed 
•during the first two or three minutes of exercise. While the total work output 
w^as not significantly increased by pyridoxine or nicotinic acid amide, the later 
performance is significantly improved by these two vitamins as well as by thia- 
mine and calcium pantothenate. The observed rise in the ribofla^dn curve is not 
statistically significant. 

Discussion. The total work obtained from the perfused frog muscles under 
the conditions of these experiments is slightly greater than that reported by Eddy 
(1136 to 1867 gram-centimeters)." This increase may be due to the addition 
of glucose and oxygen to the perfusion fluids. The work output is of the same 
order of magnitude in both experiments. 

Search of the literature failed to reveal values for vitamin levels in frog blood. 
Even values for blood levels of these vitamins in mammals are not always in 
agreement. However, such variations are usually less than 100 per cent, so wc 
may assume that the order of magnitude is approximately 10 micrograms per 
100 cc. for thiamine (5, 14, 16, 25), 750 micrograms per 100 cc. for nicotinic acid 
amide (9, 17, 24) ; 25 micrograms per 100 cc. for pantothenic acid (27, 30, 34, 37) ; 
and 50 microgi'ams per 100 cc. for riboflavin (3, 35). No values for blood levels 
of pyridoxine were foxmd. When calculated in terms of mM per Hter of Blood 
the concentrations are 0.0003 mM thiamine per liter, 0.06 mM nicotinic acid 
amide® per liter, 0.001 mM pantothenic acid per liter and 0.001 mM riboflavin 
per hter. Thus, "with the exception of thiamine, the concentrations of vitamin 
present m the perfusion fluid used in our experiments was about ten times greater 
than that normally foimd in maramahan plasma. This level is still probably 
within nontoxic limits, since a tenfold or more increase in pantothenic acid, 

® Calculated as 


Mean difference ^ 

Mn height of control curve 

‘ Comparisons between'the two studies are not strictlj' valid since the rate of stimulation 
was 1 per 5 sec. and exercise was continued for 19.5 to 30.5 min. in Eddy’s experiments. 
Both factors should tend to increase the total amount of work performed in his experiments. 

® This value is for whole blood. Since most of the nicotinic acid is combined in the red 
cells, plasma values are much lower, probably less than 0.003 mM per liter. 
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riboflavin (31) and nicotinic acid (2, 11) has been produced experimentally in 
animals and man without imtoward effects. ^Further experiments are required 
to determine the most effective concentrations of these vitamins in the perfusion 

f' 

fluid for increasing work output. It is quite possible that in appropriate con- 
centrations, the effect of pyridoxine and nicotinic acid amide may be shown 
to be significant. 

Briem (8) has reported an increase in the work output of frog muscle -when 
vitamin Bi was injected into the lymph sac of the intact frog. However, with 
isolated muscles, the contractility was decreased. IJnfortimately no information 
is given which permits an estimate of the concentrations of thiamine attained in 
the circulating blood. Some experiments have been performed on the effect 
of thiamine on the isolated frog heart, but the results are inconclusive, since 
buffered solutions wme not abvays used. In general, low concentrations of the 
vitamin increased the strength of the heart beat, w'hile high concentrations 
caused arrest, probably ownng to the acidity and hypertonicity of the solutions 
used (6, 19). 

Speculation as to the mechanism of the observed effect does not seem to be 
fruitful at the present state of our Imowledge. How’ever, it is highly improbable 
that the effects are due to vasomotor changes, with resultant changes in flow 
through the muscles. Previous reports have indicated a slight vaso-constrictor 
effect of thiamine in the frog (7). \nbiile the vase-dilating effect of nicotinic 
acid is w^ell known (1, 33) no such effect is observed with the amide, Ayhich was 
used in the present study (1) . In all of our expeiiments the perfusion rate was 
kept constant. Thus it does not seem probable that the effects observed can 
be attributed to changes in the rate of flow through' the muscle. 

CONCLUSIONS 

The effect on the wni’k output of the frog gastrocnemius muscle by the separate 
addition to the perfusion fluid of 0.01 mM per liter thiamine, nicotinic acid 
amide, calcium pantothenate, riboflavin and pyridoxine was determined. 

1. The total work output was significantly increased by thiamine and by 
calcium pantothenate. 

2. An increased total work output was observed with nicotinic acid anaide 
and pyridoxine, but the increase wns not statistically significant. 

3. A significantly greater wmrk output wns obseiwed during the final stages 
of fatigue with the addition of nicotinic acid amide and pyiidoxine as well as 
with thiamine and calcium pantothenate. 

4. Xo increase in -work output was observed with riboflavin. 
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The addition of calcium pantothenate at a concentration of 0.01 mM per 
liter has been .shown to increase significantly the work output of perfused frog 
muscles (3) . ^ In the present report data on the relation between the concentra- 
tion of calcium or sodium pantothenate in the perfusing fluid and the increase 
in work output are presented. 

ExPERLMEXTAii. Tlic experimental methods used have been described in 
detail in a pre\’ious report (3). Summarized briefly, fatigue curves were, re- 
corded for each ga,strocnemius muscle of the frog under comparable conditions 
of perfusion, stimulation, loading and recording. Calcium pantothenate was 
added to the buffered glucose-Ringer’s solution used for perfusion of the frog 
while the fatigue cun^e was recorded on the second gastrocnemius. Ten animals 
were tested with each concentration of calcium pantothenate. Calcium panto- 
thenate was added to the perfusion fluid in final concentrations of 0.001, 0.003, 
0.005, 0.0075, 0.01, 0.5, 0.75 and 1.0 milliequivalent per liter. li^Tien concentra- 
tions of 0.5, 0.75 and 1.0 milliequivalent of calcium pantothenate w’ere used, the 
total Ca concentration was kept at 1.1 mM per liter by reducing the amount of 
CaCls added to the glucose-Ringer’s by the appropriate amount (3). The con- 
centration of the .stock solution of 50 mIM calcium pantothenate was checked 
by anah'sis for Ca (2) and for N by micro Kjeldahl analysis (2)". The hygro- 
scopic nature of sodium pantothenate made it necessaiy to detennine the con- 
centration of the stock solution of this salt bj^ micro-Kjeldahl analysis alone 
( 2 )^ 

Results. Effect of increasing concentration of calcium 'pantothenate on ivorh - 
output. As the concentration of calciiun pantothenate was increased from 0.001 
to 0.01 milli equivalent per liter in the perfusion fluid, the total work output of the 
treated muscle increased from a statistically insignificant difference to as much 
as 18 per cent above the control values. As may be seen from figure 1-A, the - 
increase in work output appears linear from the available data. Raising the 
concentration of calcium pantothenate to 0.5 milliequivalent per liter increased 
' the work output only slightly above that obtained with 0.01 milliequivalent. 
Figure 1-B shows that pantothenate concentrations of 0.75 or 1.0 milliequivalent 

1 4Vitli the technicri! nspist.'ince of Marvin .J. YienR.sf . 

' On a sample weighed as. .50.0 mM calcijiin pantothenate per liter, analysis for Ca gave a 
value of 49.S5 mM per liter; micro-Kjeldahl analy<-i5 of the .‘•ame solution gave a value of 
49,.35 rroH calcium pantothenate per liter. 

7’hc .stock .‘■olution contained C0.8 mM sodium p.antothcnate per liter. 
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per liter failed to increase the physiological response beyond that observed with 
0.5 milliequivalent. In fact, the improvement in work output diminished at 
these concentrations. Statistical tests showed that differences greater than 5 
per cent in total work output were significant. 

The average differences between the height of contraction of the control and 
%dtamm treated muscles were calculated for each minute of exercise. The 
average per cent differences'* are plotted in figure 2 wliich shows that as the con- 
centration of calcium pantothenate is increased from 0.001 to 0.5 milliequivalent 
per liter, the work output is increased significant^’- during the later stages of 
exercise. In this chart all differences greater than 15 per cent are statisticaUj^ 
significant. Figure 3 is in a similar plot of work distribution for pantothenate 
concentrations of 0.5, 0.75 and 1.0 milli equivalent per liter. The improvement 



Fig. 1. Effect of changes in concentration of pantothenic acid in the perfusion fluid on 
the total work output of perfused frog muscles. A. Average per cent increase in work out- 
put of muscle perfused with pantothenate over control muscle perfused without panto- 
thenate. Effect of increasing pantothenate concentration from 0.001 to 0.01 milliequiva- 
lent per liter. B. Same as A, for pantothenate concentrations up to, 1.0 milliequivalent 
per liter. 


in work output diminishes when the pantothenate concentration is increased 
from 0.5 to 1,0 milliequivalent per liter. 

Effect of changes in Ca ion concentration on work output. Although the total 
calcium content of the control and experimental perfusion fluids were made 
equal in all experiments, it is possible that the calcium ion content was less 
in the solutions containing pantothenate than in the control solutions prepared 
with calcium chloride o-wing to the incomplete ionization of calcium pantothenate. 
At concentrations below 0.01 milliequivalent per liter, changes in the calcium 
ion concentration may be considered physiologically insignificant; since even the 
frog heart fails to react to changes in calcium ion concentration of less than 0.02 
mM per liter (1). The effect 'of changes in calcimn ion concentration on the 
work output of perfused frog muscles was tested in the follo-wmg manner. In 
one set of 10 experiments the Ca concentration was made 1.25 mM per liter 


* Calculated as 


Mean difference 


X 100 


Mean heiglit of control curve 
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(by the addition of CaCb) in the perfusion Snid used while the work curve was 
recorded for the first gastrocnemius muscle and reduced to 0.62 mM per liter 
while the work curve was recorded for the second muscle. The average total 
work output for the first legs was 2149±122 gram centimeters whfie that for 
the second legs was 1963d:82 gram centimeters. The average difference was 
— 186±98 gram centimeters which is not statistically significant. If calcium 
pantothenate is incompletely ionized, the calcium ion content of the perfusion 



Fig. 2. Effect of increasing concentration of pantothenate on work distribution of 

perfused frog muscles. Pantothenate concentrations of: 0.001 m.eq./L; 

0.003 m.eq./l.; 0.005 na.eq./I.; 0.0075 m. eq./I.; • — • — • — • — • 

0.01 m.eq./l.; O — O — O — O 0.5 m.eq./l. Each curve represents the average of 10 
experiments. 

Fig. 3. Effect of increasing concentration of pantothenate on work distribution of 
perfused frog muscles. Pantothenate concentration of: O — O — O — O 0.5 m.eq./l.; 

• — • — • — • — • 0.75 m.eq./I.; 1.0 m.eq./l. Each curve represents the average 

of 10 experiments. 

Fig. 4. Average work distribution in control experiments. O — O — O — O 0.5 m.eq./l. 
of sodium pantothenate added to perfusion fluid of second muscle. • — • — • — • — • 
Calcium concentration increased from 0.62 mM per 1. for first muscle to 1.25 mM per 

liter for second muscle. Calcium concentr.ation decreased from 1.25 mM 

per liter for first muscle to 0.62 mlNI per liter for the second muscle. Control 

experiments: Both muscles perfused with bufi'cred glucose-Ringer’s containing 1.25 mlM 

Ca per liter. Control experiments: Both muscles perfused with buffered glucose- 

Ringer’s containing 1 .1 mM Ca per liter. 

fluid would be less than calculated for the vitamin treated muscle, and a reduced 
work output would be expected. 

The effect of increasing the calcium ion concentration in the perfusion fluid 
was also tested in a series of 10 experiments in which the calcium concentration 
was 0.62 mM per liter for the perfusion of the first leg and 1.25 mM per liter for 
the second. The average total work output for the first legs was 1893±94 gram 
centimeters and for the second 1937db87 gram centimeters. The average dif- 
ference of 44±80 gram centimeters was not statistically significant. In 10 
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experiments in which the calcium concentration was 1.1 mM per hter in the 
perfusion fluid used for both muscles the average total work output was 1891 ±82 
gram centimeters for the first and 1822±82 for the second legs. The mean 
difference of 69±60 was not statisticallj'- significant. Similar results were ob- 
tained when the calcium concentration of the perfusion fluid was raised to 1.25 
mhl per liter for both muscles. 

Effect of sodium 'pantothenate on work output. Experiments were also performed 
in which 0.5 milliequivalent of sodium pantothenate? was added to the perfusion 
fluid used with the second muscle. In these experiments CaClo was added to the 
perfusion fluids for both legs to make the total calcium content 1.1 mM per liter. 
The average total work output obtained in the 10 experiments was 1934±60 
gram centimeters in the first leg and 2164±55 gram centimeters in the second. 
The average diffei’ence of 230±60 gram centimeters was statistically significant. 

The average work distribution observed in both the sodium pantothenate and 
the calcium ion concentration experiments is shown gi’aphicaUy in figure 4. 
In this chart differences greater than 15 per cent are statisticaUj’- significant. 
It may be seen that significant improvement in work output foUows the in- 
clusion of 0.5 milliequivalent of sodium pantothenate in the perfusion fluids, 
while alterations in the calcium concentration between 0.62 and 1.25 mMper 
liter are not accompanied b}’’ significant changes ia work output. 

Discussion. These results indicate a linear relationship between the con- 
centration of pantothenate in the perfusion fluid and the average improvement 
in work output of perfused frog muscles up to concentrations of 0.01 milliequiva- . 
lent per liter. Increasing the pantothenate concentration to 0.5 milliequivalent 
per liter gives only a slightly greater improvement in work output. Further 
increases in pantothenate concentration (up to 1.0 milhequiv. per 1.) d iminish 
the improvement in work output. 

From the results of the control expeiiments it' may be concluded that the 
improvement in work output observed following the addition of low concentra- 
tions of calcium pantothenate to the perfusion fluid is not due to changes in the 
calcium ion concentration. 

One possible interpretation of our results is that perfusion of the frog vdth 
buffered glucose-Ringer’s solution washed out vitamins normally present in the 
tissues so that the preparation was in a state of acute ^dtamin deficiency, which 
was relieved by adding pantothenate (or other vitamins of the B complex) to the 
second perfusion fluid.- We do not believe this to be the case for the follo^ving 
reasons: 1. In control experiments, vdthout the addition of vitamins, the per- 
formance of the second leg was not significantly different from that of the first, 
even though the perfusion had continued for 15 to 25 minutes longer through 
the second leg than the first. 2. In similar control experiments the perfusion was 
continued for 60 to 90 minutes after the work cur\’-e was run on the first leg before 
the second leg was exercised. In these experiments no significant differences ' 
in work performance were found between the two legs. 3. The addition of 

^ The sodium pantothenate was supplied through the kindness of Dr. R. T. IMajor of 
IMerck & Co. 
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calcium pantothenate to the perfusion fluid in amounts comparable to that found 
in normal mammahan blood (0.001 mM per liter) did not result in a significant 
improvement in work output. 4. The work improvement increases vith in- 
creasiug concentration of pantothenate to a concentration of 0.01 miUiequivalent. 
Although direct experimental data are lacking, the e\ddence available is against 
the assumption of an acute vitamin deficienc}’ in the muscles used for tfiesp 
experiments. 


COXCLHSIOXS 

1. The addition of calcium pantothenate to the perfusion fluid improved 
the work output of frog muscles. This improvement increased with increasing 
concentrations of pantothenate from 0.001 to 0.01 milhequivalent per hter. 

2. Further increases in pantothenate concentration of the perfusion fluid 
to 0.5 milhequivalent per hter resulted in onh’- shghtly greater improvement in 
total work output. 

3. Increasing the pantothenate concentration of the perfusion fluid from 
0.5 to 1.0 milhequivalent per hter reduced the improvement in work out- 
put. 

4. Increasing the calcium ion concentration of the perfusion fluid from 
0.62 to 1.25 mj\'I per hter did not significantly alter the work output of perfused 
frog muscles, 

5. Decreasing the calcium ion concentration of the perfusion fluid from 
1.25 to 0.62 mM per hter was followed by a shght decrease in work output which 
was not statisticaUy significant. 

6. Sodium pantothenate was also effective in increasing work output. 
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It is believed that platelets play an important role in the process of coagula- 
tion. Thej’- are closely associated nuth the phenomenon of s 3 meresis and their 
disintegration releases thromboplastin. Another propertj'- that has been noticed 
b}’’ many workers is the adhesiveness of platelets — that is, their tendency to 
adhere to each other or to surfaces nith which the 3 '’ come in contact. Fev/ 
studies of this propert 3 ’- ha^’-e been made, but H. P. Wright (1) has developed a 
means of measuiing it quantitative] 3 ^ She suggests that the apparent disap- 
pearance of platelets from blood samples standing in glass containers mav' be due 
to the platelets sticking to the walls of the vessel. 

The method Wright used for the deteiraination of platelet adhesiveness con- 
sisted of rotating blood in a glass tube and making platelet counts at various 
inteiwals of tune. The glass container was so constructed that the sides, which 
were fonned b 3 ’’ cover slips held in place vith vaseline, could be removed and 
stained. A vaseline-lined tube was used for control obsenrations. It was found 
that in the experimental tube th6 platelet count fell progressivel 3 ' along curves 
of a logarithmic t 3 fpe, and that the rate of fall depended on the concentration of 
anticoagulant used. Microscopic examination of the cover slips revealed that 
the 3 ' were loaded vdth platelets. In the control tube, on the other hand, counts 
decreased onb’’ slightl 3 ^ 

The anticoagulants emplo 3 ^ed in Wright’s studies were sodium oxalate, 
chlorazol d 3 'es and hepaiin, all of which were used in vitro. Our stud 3 ’' was 
undertaken in order to detemiine whether Dicumarol, an in-vivo anticoagulant 
having no in-vitro action, would cause a similar decrease in platelet adhesiveness. 

Methods. The technique used was essentiall 3 ^ that described by Wright (1). 
Four and one-half cubic centimeters of venous blood were drawn into a vaselined 
S 3 n’inge and placed in a paraffined bealcer containing 0.5 cc. of 2.5 per cent so- 
diimi citrate solution. Within ten minutes after the blood was drawn and mixed 
with the citrate, 1.5 cc. were transferred to a tube similar to the ones used b 3 '’ 
Wright.^ 

After the blood was placed in the tube, it was rotated continuoush' for 80 
minutes, except when samples were Anthdrawn, in a mechanical rotator at 
appro-ximateb^ 12 r.p.m. Platelet counts, bA’- the direct AA'et method using Rees- 
Ecker diluting fluid, AA*ere made before the rotation and at 20, 40, GO and 80 

^ This investigation was aided b\' a grant from the Wisconsin Alumni Research Founda- 
tion. 

== Mr. J. B. Davis, glass technician for the departments of chemistry and phj'sics, kindlj' 
made this tube for us. 
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minutes thereafter. It was obseiwed that the counts decreased progressively 
in a manner similar to that already described. At the end of 80 minutes, the 
cover slips were removed and stained with Kingsley’s stain. Upon microscopic 
examination they were found to contain large numbers of platelets. 

In the present series, each of thirty-three patients was given Dicumarol for a 
period of six days. Usually four determinations of platelet adhesiveness were 
made on the patient, one before admioistration of the drug, two during the 
administration, and one afterward, when the effect was beginning to decline. 
The dosage of Dicumarol was gauged by means of prothrombin time deteimina- 
tions. (Pohle and Stewart’s modification of the Quick method for prothrombin 
time was used.) In ever}’- instance the prothrombin time was determined on 
the day before the platelet determinations. Bj’' the end of the Dicumarol ad- 
ministration, the prothrombin time in the majority of cases was between 20 and 
30 seconds as compared with 10 to 12 seconds in the control. 

Results. Table 1 shows a typical study including prothrombin times, 
amounts of Dicumarol given, and the counts for the determinations of platelet 
adhesiveness. 

Figure 1 is a graph of the average counts of thii*ty-three patients. It reveals 
that Dicumarol has no effect on the actual platelet count, an observation made 
previous^’’ by Bingham, jMeyer and Pohle (2) and by Dale and Jaques (3). 
The curve representing the adhesiveness determinations before administration 
of Dicumarol is similar to those obtained by Wright. 

The graph shov^ that adhesiveness definite^ decreases after administration 
of Dicumarol. The data were statistically anab’^zed by a method in which the 
differences of the means divided bj’’ the standard error of the differences of the 
means constitutes the criterion of significance. A ratio of two means that the 
probabilities are five in one hundred that a difference as great as the one observed 
\rill be encountered by change. The differences in the counts of curve A, con- 
trol cuive, and cuive C, at the height of the Dicumarol response, are statistically 
significant at the 20-, 40- and 60-minute intervals. The differences of the means 
divided bj’- the standard error of the differences of the means are 2.33, 2.03 and 
2.38, respectively. At the 80-minutc mark the ratio is only 1.66, Tliis figure 
indicates that the probabilities are ten in one hundred that a difference as great 
as the one obsenmd will be encountered by chance. 

In general the greatest decrease in platelet adhesiveness corresponded to the 
greatest prolongation of prothrombin time. 

Discussion. One h 3 ’’pothesis that has been suggested to explain platelet 
adhesiveness is that a film of fibrin is formed on the surface of the platelet. If 
this were true, one would expect the platelets of a hemophiliac to be decidedly 
less adhesive than noimal because of the much slower rate of fibrin fonnation. 
In this series a single detemiination of platelet stickiness was made on hemophilic 
blood. Ko difference was obseiwed, however, between this determination and 
those made on normal blood. This lends support to the idea that the defect 
in the hemophiliac does not reside in the platelets. 

Baronofskj' and Quick in a paper entitled “Heparin and the agglutination of 
platelets in vitro” (4) suggest that Dicumarol ma}-- decrease platelet agglutin- 
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ability. In theii- experiments, in which the prothrombin time of rabbits was 
prolonged to approximatelj' seven minutes, no tendency toward agglutination 
was noted. A much larger amount of heparin was needed to prevent agglutina- 
tion than to prevent coagulation. In the present study, it was observed that 
in individual cases the prothi-ombin time was prolonged significantly before the 
actual decrease in platelet adhesiveness could be detected. There is no direct 
evidence that platelet agglutination and platelet adhesiveness are identical, yet 
they appear to be so, or to be closelj’’ related. 



Fig. 1. Platelet adhesiveness as influenced by Dicumarol. 

Curve A — Adhesiveness determinations before Dicumarol administration. Prothrom- 
bin time 11.4 seconds. Average of thirty-three cases. 

Curve B = Fourth day of Dicumarol administration. Prothrombin time 16.6 seconds. 
Aver<agc of thirtj^-two cases. 

Curve C = Day following last dose of Dicumarol. Prothrombin time 22.6 seconds. 
Average of thirty -three cases. 

Curve D = Four daj's after last dose of Dicumarol. Prothrombin time 18.2 seconds. 
Average of twenty-eight cases. 

Several attempts have been made to deteimine whether Dicumarol is effica- 
cious as a prophylactic agent of thrombosis. Dale and Jaques (3) produced 
thrombi in dogs by crushing the saphenous veins, and b 3 ^ inserting a glass cell 
between the carotid arterj* and jugular vein. Control dogs all developed thrombi 
when the vein was crushed, and the glass cell quickly became occluded; Dicuma- 
rol-treated dogs had a much lower incidence of venous thrombosis, and the glass 
cannulae remained patent much longer. Richards and Cortell (5) showed that 
when lethal doses of Dicumarol were given to dogs, thrombosis did not follow 
the intravenous injection of itlonolate. Tliill, Stafford el al. (6), in similar 
experiments, showed that the incidence of experimental thrombosis was mark- 
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edly reduced by single doses of Dicumarol comparable to those given clinically. 
Platelet adhesiveness is undoubtedly a factor in thrombosis. The present 
studies offer additional evidence in favor of the use of Dicumarol prophylacti- 
cally, since a definite decrease in platelet adhesiveness has been observed in 
addition to the hypoprothrombinemia, which is probably important in itself. 

In studies pf the changes in platelet adhesiveness that follow parturition and 
surgical operation, Wright (7) obsen^ed an increased stickiness at the time when, 
statistically, thrombosis is fikelj'’ to occur. There was also a simultaneous in- 
ci'ease in platelet count. On the basis of these findings she postulated that the 
large numbers of newl}’’ foi-med platelets which were released into the blood 
stream were hyperadhesive. IWiether Dicumarol prevents the increase in ad- 
hesiveness after surgical operation remains to be detennined. 

SUaiMARY 

1. Dicumarol has no effect on the platelet count per se. 

2. Dicumarol definitely decreases the adhesiveness of platelets as measured 
b}’' the method of Wright. 

3. Evidence in favor of Dicumarol as a prophjdactic agent of thrombosis is 
-discussed. 
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In a previous paper Muus and Hardenbergh (1) showed that lymph from a 
severely burned leg caused an iucrease in the oxygen consumption of rat liver 
slices as compared with slices of the same liver in l3miph collected from the leg 
before it was burned. Most of the observations were made on lymph from calves 
burned by immersion of the leg in boiling water. 

These first experiments were part of a search for substances in the exudate 
from burned regions which might show biological effects of some sort. Burning 
by immersion in hot water does not break the^skin, and provides an experimental 
situation in which infection and loss of exudate from the skin surface do not 
enter. The Ijunph is thus the uncomplicated exudate from the lesion, and 
should contain any abnormal substances formed in the bum in maximum con- 
centration. Even though there is apparently no interference with the normal 
relation of the part with the circulation (2), such substances should be present 
in the lymph collected from vessels just beyond the limits of the bum in a higher 
concentration than in the blood from the general circulation. The results seemed 
to justify this assumption. 

In the course of many experiments upon calves and dogs anesthetized Mtli 
nembutal and burned severely, we have been impressed by the fact that after 
the bum the body temperature may begin to rise. Unless the rise in temperature 
is checked, which was done by keeping the animal wet with water and in the 
draught from an electric fan, this tendency may result in hyperpyrexia and 
death. The same tendency toward a rise in body temperature has been noted 
in hiunan patients after bums and has resulted in the more cautious use of heat 
in the shock-like condition which so often accompanies extensive bums. 

With this in mind we decided to investigate the oxygen consumption of 
voluntary muscle in lymph from burned animals by a procedure similar to that 
used with liver slices. For these experiments we have used lymph collected 
from the hind legs of dogs before and after burning. The experiments also 
served to extend the observations on liver slices from calf lymph to dog lymph- 
One such experiment has been briefl}’^ mentioned (1), but the technique whereby 
it was possible to obtain a sufficient amount of Ijunph from dogs before as well 
as after burning has not been described, and an account maj’- prove useful to 
other workers. 

Expekimental. (a) Collection of lymph. Cannulation of Ijunphatics in the 
legs of anesthetized dogs just above the ankle joint, and collection of lymph 
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before and after the feet bave been burned bj’’ immersion in hot water have 
been employed frequently in this laboratory. This method might provide enough 
Ijnnph for the experiments on oxygen consumption after the burn, when increased 
capillar}’- leakage provides a free flow of l3maph which can be further increased 
by mild passive motion. But one experiences the greatest difficulty in collecting 
10 to 15 cc. of normal lymph for control from so small an area, particularly’’ as the 
use of an anticoagulant while collecting is undesirable. To overcome this 
difficulty’- we have proceeded as follows: Dogs weighing 11 kgm. and upwards 
ai’e anesthetized and kept under complete anesthesia throughout the experiment 
by intravenous injection of 5 per cent nembutal, 35 mgm. per kilo of animal. 
The abdomen is opened by a mid-line incision, wliich should reach from the tip 
of the sternum to about 5 cm. above the symphysis. The animal is then placed 
in a head-down position at an angle of 45°. If the incision is held wide open and 
the intestines are reasonably empty, the abdominal contents slide gently toward 
the diaphi’agm and remain out of the operating field -without necessitating use of 
more than a slight amount of gauze packing. 

In the dog the receptaculum chy’-li lies behind and between the aorta and 
inferior vena cava from, the level of the renal vessels to a point several centimeters 
below the lower margins of the kidneys. No precise level can be given, since 
the receptaculum simply decreases in diameter to become one or sometimes two 
large trunks. These two, or more often a single one, lie just as does the re- 
ceptaculum, covered by the aorta and inferior cava and more or less tightly’’ 
adherent to one or the other of them, usually’’ the aorta. There are no valves 
in the receptaculum, and none in the large vessel leading into it which is to be 
cannulated. In our experience, the extreme delicacy of the wall of the re- 
ceptaculum and its adherence to the blood vessels make it very difficult to get a 
ligature around it, and if it is wounded the operator -vidll be confronted by a gush 
of chyle which is usually uncontrollable and alway’’s enormously’’ annoying. 
Furthermore, if the lymph from the small intestines runs freely into the peritoneal 
cavity during the experiment, it will mean a steady loss of plasma from the 
circulation, and this is not to be permitted in the face of a serious burn from which 
it is desired to collect lymph over 5 to 9 hours. The operator must isolate the 
lymiphatic or the lymphatics below the receptaculum and tie them. Since these 
vessels, though valved ineffectually, have thicker walls than the receptaculum, 
they can be dissected from the aorta, and as they communicate freely cannulation 
of the larger '\\dll produce the lyonph from both. The dissection to isolate and 
cannulate this vessel is time-consuming because of many small blood vessels in the 
region, the delicacy of the wall of the lymphatic, and the close attachment to the 
aorta or vena cava. Indeed, part of the lymphatic wall after it is freed and 
encircled by a ligature is usually connective tissue split off the adjacent blood 
vessel. An L-shaped cannula is employed, -with an opening of 1 to 2 mm. in 
diameter in the short leg of the L. The long leg extends out through the ab- 
dominal incision, to the left side of which it is fastened by a stitch so as to hold 
it in correct position. The animal is then lowered into a horizontal position and 
the abdominal contents gently’- disposed in their noimal place and -v^ith the 
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cannula in their midst. The hind feet are then attached to a bar •which rotates 
in a circle ■with a diameter of 40 cm. twelve tunes a minute. This results in 
rhythmic passive extension and flexion of the legs upward and at right angles to 
the body when extension is complete. This passive movement causes con- 
tinuous flow of l3Tnph before burning and greatty accelerates lymph flow after 
burning. The lymph collected amounts to practically aU that from the hind 
legs and tail, plus veiy small increments from the lower part of the large in- 
testine, the genitalia, and the bladder. It is imfortunate to be compelled to 
enter the abdomen but unavoidable since no cannulation along the femoral vessels 
gives more than a fraction of the total lymph from one leg, and the single cannula- 
tion in the abdomen collects all the Ijunph from both legs. 

(b) Technique of burning. It is olndous that the position of the cannula, 

fastened upright in the center of the abdomen -^rith the tip at right angles to the 
shaft and tied into an extremely fragile vessel, is precarious at best, and becomes 
more so if the animal is moved to anj' degi-ee in order to accomplish the extensive 
immersion in hot water required by the experiment. In order to brnm for a pre- 
cise period of time and maintain Ijmiph collection unbrokenly, it has been found 
best to use a rubberized fabric sleeve which is 19 cm. in diameter at one end 
and about three times that at the other. The smaller end is slipped over the 
dog’s hind legs and tail to a level just below the end of the abdominal incision. 
It is fastened against the animal by a wide ribbon of rubber sheeting tied around 
the bod}’- of the dog and overlapping the upper edge of the sleeve. The lo-^'er, 
■wide end is looped upright to form the mouth of a funnel into which hot water 
may be poured en masse, and by suddenlj^ lowering the funnel end the water may 
be dumped out ■v\ith equal abruptness. This results in burning both hind legs, 
the skin over the rear of the dog, the lower part of the abdomen, and the extei'nal 
genitaha for a precise time and ■vrithout moving the dog or endangering the 
cannulation. '' 

(c) Oxygen consumption. The oxy'gen consumption was measured by the 
direct Warburg technique. Tlie Ijmph was first allowed to clot and the fibrin 
removed. If fibrin formation was not complete before the lymph was introduced 
into the vessel, a film of fibrin would form on the surface of the tissue slices and 
completely invalidate the results. A complete clot always formed very shortly 
in the normal lymph, but the lymph collected after burning seldom clotted 
spontaneously. Calf lymph had often sho^wn increased clotting time after burn- 
ing and gentle stirring was necessary^ to promote clotting. Though the time 
of burning used on the dogs was shorter, the effects of the bum were more severe 
by’’ all accounts, and the impairment of the clotting mechanism was definitely 
more pronounced. In most cases complete clotting could only’- be secured by 
adding tissue extract. A crude saline extract of beef lung was added in an 
amount of from 0.1 to 0.2 cc. per 10 cc. of lymph. When this was done a .similar 
amount was added to the normal lymph. A pure thrombin preparation was used 
in a few cases but Avas found less effective. 

Tire lymph serum was freed from carbonate by addition of acid and evacuation 
according to Friend and Haistings (3) and adjusted to pH 7.4. 
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A 2 cc. sample of lympli was used in each vessel, and 10 to 15 mgm. di^’- weight 
of liver slices or 20 to 30 mgm. diy weight of diaphragm. All tissues were 
taken from normal, well fed rats. Control vessels mth lymph and no tissue 
were run simultaneously. Potassium hydroxide, 0.2 cc. 20 per cent, was placed 
in the center cup, and 0.1 cc. 4 per cent glucose was added to the medium. The 
experiments were done at 37°C., and the oxj^gcn consumption measured for 60 
minutes. Qo: computed as cmm. O 2 per hour per milligram dry weight of 

tissue at the end of the experiment. The rate of oxygen consumption of the 
liver slices remained constant during this period. In some cases the oxygen 
consumption for diaphragm fell slightly during the later part of the experiment, 
and the Qo„ reported is computed for the period during which the rate remained 
constant, which was never less than 40 minutes. 

(d) Effect of hemolysis. The l 3 Tnph collected from dogs after buming was 
always strongly colored with hemoglobin. This complication had not been 
present when calf Ijmph was used. In a few' cases only had the lymph been 
slightly colored during the first -?r to 1 hour, and such samples had never been 
used in the metabolism studies. As the elTect on respiration manifested itself 
much earlier in the experiments on dogs, tlie possibilit 3 ' that it w'as caused by the 
products of hemolysis with w'hich the l 3 mph was so grossly contaminated had to 
be considered. A few experiments w'ere, therefore, carried out on the effect of 
hemolysis on the ox 3 '’gen consumption of liver slices. Heparinized blood from 
a normal dog was centrifuged and the cells separated. The cells were hemolyzed 
by being frozen and thawed, and were diluted with serum from the same dog. 
The mixture was centrifuged to remove unhemolyzed cells, and appropriate 
dilutions of the clear solution and serum were made. The samples used in the 
Warburg apparatus were treated as just described for lymph. Hemoglobin was 
determined b 3 ’- the method of Evel 3 Ti (4). 

Results. The results are summarized in tables 1 and 2. Each set of results 
w'as obtained simultaneously on samples from the same liver or pieces of the 
same diaphragm. All determinations were done in duplicate. With two deter- 
minations and one blank for each l 3 Tnph sample, the maximum number of samples 
that could be used with a 14-vessel Warburg apparatus w'as four. The blank 
in this series of experiments never showed any oxygen consumption, and in the 
first group of experiments on dog 4 it was therefore deemed safe to do five dupli- 
cate determinations without including the blank, and check the blanlv on the 
following da 3 ' w'hen the determination on the diaphragm required only four 
vessels. 

Two values for Q 02 were determined for diaphragm in each set, one with normal 
lymph and one with the lymph sample in W'hich liver show'ed the highest Qoz- 
The number of determinations w'as limited to two, because no more than four 
pieces large enough to give a reasonable oxygen consumption could be secured 
from one diaphragm. The total number of experiments on lymph from one 
dog w'as limited by the amount of normal lymph, which was usually about 12 to 
14 cc.' The collection of normal l 3 mph had to be discontinued when there w'as 
obvious danger of clotting in the cannula. After the animal w'as^burned this, 
danger w'as removed because of the decreased tendency to clot. 
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TABLE 1 


Oxygen consumption of rat liver and diaphragm in lymph from the hind legs of 

burned dogs 




' i 



1 <?n- 

jamBEE OB 

TnrE or 

jDtmATIOK ABTEb! 

TriCE DYlfPn TAKEN* APTER 

EEJfOGtOBC; 



DOG 

BxniN 

i i5UK.S j 

B0RJT 

Liver 

Diaphragm 



min. 

hour; 

hours 


cmm.perm, 

sm. per hour 

1 

1 

G 

Normal lymph 


9.8 

4.6 




3 to 5 


10.9 

4.7 

2 

CO 

5 (died) 

Normal lymph 

0.0 

9.4 





2 to 3 

1.1 

13.0 


3 

3 

4 

3 (died) 

Normal lymph 

0.0 

12.9 

4.2 




1 to 2 I 

0.3 

14.5 

5.1 

- 



2 to 3 

0.4 

13.9 


4 

X 

2 

9 

Normal lymph 

0.0 

9.8 





2 to 2§ 

0.7 ! 

10.3* 





4 to 5 

O.G 

10.3 



1 


to 6§ 

O.G 

11.5 





7 to 8 

0.5 

10.9 





Normal lymph 

0.0 

9.5 

4,7 




I to 1 

0.2 

10.7 





2 to 2\ 

0.7 

10.6* 





to GJ 

0.6 

12.0 

5.3 

5 

1 

8 

Normal lymph 

■■ 

8.4 

4.6* 




Oto 1 


10.3 





35- to 6 


11.7 

6.5 




G to 8 

0.9 

11.3 



* Single determination. 


TABLE 2 


Effect of hemolysis on the oxygen consumption of rat'liver slices 


HATEEIAL 1 

nEMOCLOBIK 

OO: 


gm. per 100 cc. 

cmm. per mgtr,. per hour 

Normal serum 

0.0 

10.9 

Normal serum -f- hemolyzed cells 

1.6 

10.9 

Normal lymph 

0.0 

11. 1 

Normal lymph + hemolyzed cells 

1.1 

10.8 

Normal serum 

0.0 

10.8 

Normal serum + hemolyzed cells 

0.8 

11.3 

Normal serum + hemolyzed cells 

1.5 

10.8 . 


The results from the experiments with liver differ from those previously re- 
ported with calf lymph in that the effect on Qoj can be demonstrated much earlier 
and seems to reach a maximum m 3 to G hours. With calf l 3 Tnph verj’’ little 
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effect could be demonstrated after 4 hours, and the effect increased at least 
up to 22 hours. As already mentioned, the dogs showed a pronoimced effect 
of the bum which though shorter was much more extensive, and the severe 
hemolysis may be taken as a sign of extensive tissue damage. 

Table 2 shows that hemolysis per se has no effect on the Q 02 of ^ver slices. 
The range of hemoglobin concentrations used is even somewhat greater than that 
found in the burned lymph. 

The number of determinations on diaphragm is not large, but the results show 
that burned lymph which is effective in increasing the liver metabolism has a 
similar effect on muscle metabolism. In four out of five experiments there is a 
definite increase in the Q 02 fo^ diaphragm, and in the one experiment where there 
is no measurable difference, the increase with liver is only very slight. 

, SUMfilARY 

A technique whereby it is possible to collect 10 to 15 cc. of normal lymph from 
the hind legs of dogs without the use of an anticoagulant is described. 

The lymph collected from this area after it had been severely burned was 
shown to increase the oxygen consumption of rat liver slices as compared with 
slices from the same liver in normal lymph. Such an effect had previously been 
demonstrated for calf lymph. 

The lymph from the burned legs was found to cause a similar increase in the 
oxygen consumption of rat diaphragm muscle. 
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Many reports on shock indicate that the absorption of products of tissue 
autolysis from the area of injury may be an important factor in the development 
of shock (1). While no toxic substance has been isolated and debnitely identi- 
fied from the blood of man or animals in shock, there are manj’’ experiments 
which indicate the possibility of the production of shock by blood carrying toxic 
substances from re^ons of tissue autolysis (2). Green (3) made an extensive 
study of shock produced after the release of tourniquets which occluded the flow 
of blood to the hind limbs of animals for several hours. He found that shock was 
not produced unless occlusion was maintained for more than three hours before 
release and that intravenous administration of plasma did not prevent shock 
nor did repeated administration of plasma prevent death. Shock was prevented 
by amputation or tight binding of the limbs shortly after the release of the 
tourniquets. Animals recovered from shorter periods of appheation of tourni- 
quets and many short periods vith recovery periods could be instituted vdthout 
lethal effect. Green prepared extracts of normal muscle which were toxic on 
intravenous injection and produced a shock syndrome that terminated fatally 
on intramuscular injection. Fresh muscle was immediately precipitated vith 
acetone and the dried residue extracted A\dth saline solution contained the toxic 
substance, which could be further purified by additional precipitation proce- 
dures. The extract from muscle equivalent to a fifth of the body weight pro- 
duced shock when injected intramuscularly into rats. 

Further purification of the muscle extracts suggested that the toxic substance 
was adenosine triphosphate and Biclschowsky and Green (4) isolated and identi- 
fied this substance. The physiologic properties of pure adenosine triphosphate 
and of that isolated from normal muscle were similar. The amount of adenosine 
triphosphate isolated from normal muscle diminished rapidly with time after 
removal of the fresh muscle. Very little toxic material or adenosine triphosphate 
could be extracted from muscle that had been occluded with a tourniquet for 
three hours or longer. 

Buell and her associates (5) found a verj"^ rapid hj'^drolysis of phosphocrcatinc 
and adenosine triphosphate in autolyzing muscle. In their preparations which 
Avere powdered while frozen, only a trace of these substances remained after 
fifteen minutes in saline solution at room temperature. In intact muscle con- 
tracting three times each second we (G, 7, 8) found a rapid accumulation of 

1 Bc.ad before tlie Division of Biological Chemistry of Ihe American Chemical Society at 
Cleveland, Ohio, April 3-G, 1944. 
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inoi-ganic phosphate and a decrease of phosphocrcatine and adenosine triplios- 
jihatc. The maximal changes occurred in the first two minutes of work when 
more than SO per cent of the jihosphocreatine and GO per cent or more of the 
adenosine tripliosphafe Avere hAxlrolyzed. Continuation of A\'ork, for seA'eral 
hours did not bring any furl lier clianges liut wlien rest ensued tliere was a rapid 
decrease of the inorganic pliosphate 'of tlie muscle and phosphocrcatine Avas 
reconsliluted Avithin a feAv minules. Regeneration of adenosine triphosphate 
Avas less rajiid than regeneration of jihosphocreatine but aa^ts almost complete 
AATthin one hour. The jiroducts of h3Tlrolysis of phosphocreatino or adenosine 
triphosphate did not appear to bo Awashed out of the muscle into the blood 
during the periods of Avork or rest. 

The relation of the phosjihates of muscle lo shock produced bj’- the release 
of a tourniquet from occluded muscle poses se.A'eral questions. \^Tat changes 
occur in the phosphate compounds of miusclc during the time the blood Aoaa' to 
the muscle is restricted? Hoaa' long are these changes rcA-ersible as in exercising 
muscle and at AA'hat time do tliej’' become irrcA'ersible? What substances are 
AATished out of the prcAdou.sl.y occluded muscle by the blood? Does the occur- 
rence of shock in animals after release of tourniquets from muscle correlate AAith 
the data suggested in the foregoing questions? The data presented in this paper 
deal Avith these questions. 

Experi.mextal procedure. Male rats Avcighing from 200 to 250 grams A\’ere 
anesthetized AA-ith pentobarbital sodium. A rubber band AA’as AA'rapped tightly 
about the thigh and moA'od to the upper part of the thigh AAith the aid of a 
heinostat acting as a IcA'or. In all cases t hero aa-rs sufficient pressure to OA^ercome 
the arterial jiressure. In all animals used there Avas no apjireciable SAA’elling of 
the limb during the period of constriction such as occurs A\-hen the constriction 
is less than the arterial pressure. If the animals AA’cre to surAUve for manj'- hours 
after release of the constriction onl.y one leg AA'as occluded but in the experiments 
inAmh'ing shock one hind leg and both forelegs AA^cre occluded and the muscle 
from the unoccluded leg Avas used to determine any effect of shock on the muscle. 
All specimens of muscle AA'erc obtained by freeing the skin from the leg a feAV 
minutes prior to obtaining the specimen. At the desired time the Achilles 
tendon AA’as seA'ered and pulled upAA’ard, and the flexor muscles of the leg AA'ere 
severed AAith one stroke and dropped immediately into a mixture of carbon 
dioxide snoAv and alcohol. The frozen muscle Avas poAvdered betAA’een cooled 
steel blocks and transferred frozen to tared tubes containing ice-cold 5 per cent 
solution of triclJoroacetic acid and glass beads. The tubes Avere shaken in a 
room at 0°C. for fifteen minutes and the solution AA'as filtered. The acid-soluble 
phosphates AA’ere fractionated AAith barium hydroxide at 0°C. according to a 
modified Eggleton and Eggleton (9) technic; the barium-insoluble phosphates 
AA’ere dissolved with tricliloroacetic acid and reprecipitated AAuth barium hy- 
droxide. The phosphate content AA’as determined by the method of Fiske and 
SubbaroAA' (10). 

Results. The changes of the total acid-soluble phosphorus, inorganic phos- 
phorus, the acid-labile portion of adenosine triphosphate and phosphocrcatine 
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in muscle after periods of complete occlusion of the blood supply are given in 
table 1 and figure 1. There was no appreciable change of the total acid-soluble 
' phosphorus. The iaorganic phosphate rapidly increased and reached a maximal 


TABLE 1 

Phosphates of tnvscle after application of tourniquet 


TIME 

OO 

CETTDED 

SATS 

HEMA- 

TOCRIT 

PLASMA 

inorganic 

PHOSPHATE 

ilDSCLE 

Total acid- 
soluble P 

Inorganic P 

Acid-labile P 

Phospbo- 

creatine-P 

Water 



fCT 

mgm. per 100 

mgm. per 100 

mgm. per 100 

mgm. per 100 

mgm. per 100 




cent 

cc. 

grams 

grams 

grams 

^ grams 


0 

30 



146 ±1.4* 





15 

10 

39 

6.38 ±0.13 

154 ±3.0 


35.7 ±1.3 

26.1 ±1.6 

76.0 ±0.7 

30 

2 

39 

6.26 

156 

65.1 

34.7 


77 ‘ 

60 

8 

36 

6.93 ±0.21 

149 ±4.2 

73.9 ±1.3 

31.5 ±1.6 

4.5 ±0.8 

75.9 ±1.7 

180 

7 

34 

7.05 ±0.52 

148 ±3.3 

99.9 ±2.6 


3.6 ±0.8 

76.4 ±0.5 

240 

8 

37 

8.81 

147 ±2.8 

113.5 ±2.5 



77 ±0.5 


* The value following the ± sign is the standard error of the mean. 



Fig. 1. Changes in phosphate compounds of muscle after occlusion of the blood supply. 
Average figures obtained from analysis of leg and thigh muscles of adult rats at the times 
indicated after complete occlusion of the blood supply bj- a tourniquet at 0. The circled 
figures denote the changes in similar muscles excised at 0 and maintained at bod}" tempera- 
ture until the times indicated. 

figure after four hours. Adenosine triphosphate gi-adualiy hydrolyzed almost 
to completion in about three hours, while the hydrolysis of phosphocreatinc 
was nearly completed in about one hour. There was little change of the water 
content of the occluded muscle. 

The changes tliat occurred in previously occluded muscle after the reestab- 
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lislmient of the circulation to the muscles are given in table 2 and figure 2. The 
return of blood flow after sixty minutes or more of occlusion produced edema 

TABLE 2 


Phosphates of muscle after release of lourniguet 


TUIE 

OC- 

CLUDED 

TIME i 
EE- 

LEASED 

BATS 

EEMA- 

PLASMA' 

MUSCLE 

TOCRIT 

PHOSPHATE 

Total acid- 
soluble P , 

Inorganic P 

Acid-labile 

P 

Pliospho- 

creatine-P 

Water 

minutes 

minutes 


fer call 

ftigm, per 100 
cc. 

flijm. per ! 
100 grams 

mgm. per 
100 grams 

mgm. per 
100 grams 

mgm. per 
100 grams 

per eent 

15 

15 

G 

37 

6.26 

149 ±5.4* 

44.7 ±3.8 

35.0 ±0.9 

38.8 ±2.4 

76.6 ±0.6 

GO 

CO 

S 

39 

7.C5±0.18 

130 ±7.5 

28.3 ± 1.0 

29.7 ±1.1 

39.3 ±2.4 

78.9 ±0.8 

ISO 

CO 

7 

56 

15.56 ±1.49 

102 ±5.7 

58.8 ± 9.6 

13.4 ±3.6 

14.2 ±3.6 

82.2 ±0.4 

240 

15 

2 

40 

11.08 

89.6 

66.2 

5.6 

4.9 

84.0 

240 

CO 

4 

53 

12.54 ±1.05 

93.6 ±9.8 

67.6 ± 7.2 

4.3 ±1.2 

6.7 ±1.7 

82.7 ±9.2 

240 

120 

13 

60 

19.00 ±1.60 

74.7 

55.9 ± 5.7 

5.5 

3.9 

82.8 ±0.7 

240 

360 

4 

60 


53.4 

46.1 ±10.0 

5.9 ±1.1 

3.7 ±0.7 

83.4 ±0.5 


hr. 









240 

22t 

4 

34 

10.30 ±2.05 

34.4 ±9.5 

20.2 ± 6.7 

4.8 ±1.5 

3.2 ±1.5 

83.9 ±0.7 

240 

4St 

4 

38 

8.08 ±0.48 

31 .2 ±2.3 

19.1 ± 1.6 

3.3 ±0.3 

2.6 ±0.4 

85.0 ±0.9 

240 

120t 

4 

26 

6.44 ±0.49 

5C.5 ±8.0 

32.0 ± 8.1 

6.8 ±1.9 

2.1 ±1.3 

83.1 ±1.9 

240 

icst 

6 

39 

3.72 ±0.13 

62.0 ±4.0 

18.3 ± 0.9 

12.3 ±0.9 

10.3 ±2.1 

83.3 ±0.6 

240 

2C4t 

2 

33 

3.52 

67.3 

26.8 

9.5 

10.7 

81.0 


* The value after the ± is the standard error of the mean. 

t Two forelegs and one hind leg were occluded in all experimcnls except those marked t when only one hind leg 
was occluded. 
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Eig. 2. Decrease of acid soluble phosphate content of muscle after release of occlusion 
of the blood suppb'. The first point of each dotted line indicates the time of release of the 
occlusion and the second point indicates the time the muscle was removed for analysis. 
The decrease observed on release of occlusion for one hour represents dilution due to in- 
creased water content of the muscles. After three hours’ occlusion and release there is 
dilution with water and also considerable washing out of inorganic phosphates. 


of the muscle which was obvious within a few minutes and the water content of 
the muscle was increased. There was a corresponding dilution of the acid- 
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soluble phosphates of the muscle. If the muscle had lieen occluded for not more 
than three hours there was an appreciable res 3 mthesis of adenosine triphosphate 
and phosphocreatine. This re.synthesis was more complete after periods of 
occlusion shorter than three hours. "W^ien the occlusion had persisted for more 
than three hours there was no resynthesis of these compounds. 

After occlusion of three or four hours’ duration there was a rapid washing 
out of the inorganic phosphates from the muscle in addition to the, dilution which 
occurred with the development of edema. The inorganic phosphates of the 
plasma were increased and there was hemoconcentration. There was no indi- 
cation that any adenosine triphosphate or phosphocreatine was washed out of 
the muscle by the blood. It should be noted here that these figures were ob- 
tained from animals which had many signs of shock but which had survived 
without collapse for the period indicated. In these animals the amount of 

TABLE 3 


Phosphates of unoccluded muscle after release of tourniquet from other legs 


OTHER LEGS 






ilUSCLE 






HEltA- 

TOCRIT 

PLASIIA 






Time 

oc- 

cluded 

Time 

re- 

'leased 

1 RATS 

INORGANIC 

rnOSPHATE 

Total acid- 
soluble P 

Inorganic P| 

Acid-labile 

P 

Phospho- 
creatine P 

Water 


minutes 


per cent 

ptStn. per 100 
cc. 

mgm. per 
100 grams 

mgm. per 
100 grams 

mgm. per 
100 grams 

mgm. per 
100 grams 

per cent 

15 

0 

4 

38 

0.27 ±0.21* 

144 ±2.3 

37.5 ±2.0 

35.4 ±0.6 

44.0 ±1.9 

70.5 ±0.0 

180 

CO 

7 

50 

15.50 ±1.49 

159 ±1.0 

42.4 ±1.7 

37.4 ±1.0 

41.0 ±2.1 

70.0 ±0.6 

240 

15 

2 

40 

11.08 


31.7 

30.8 

34.7 


240 

60 

4 

53 

12.54 ±1.05 

156 ±3.0 

37.0 ±3.0 

36.9 ±2.2 

42.2 ±1.5 

76.0 

240 

120 

13 

GO 

19.00 ±1.00 

153 

40.8 ±2.0 

40.7 

37.0 

70.5 ±0.0 

240 

300 

4 

60 


165 ±2.4 

58.4 ±0.7 

38.4 ±0.2 

31.0 ±4.7 

75.0 ±0.9 


* The value following the ± sign is the standard error of the mean. 


inorganic phosphate washed out of the muscle was definitely greater than in 
the rats that showed early collapse and surtdved shorter periods of time after the ' 
release of the occlusions. 

The pho.sphates of muscle obtained from the unoccluded hind leg at various 
periods after the release of the occlusions from the other three legs are given in 
table 3. There appeared to be a definite increase of the inorganic phosphate 
of tliis muscle and a moderate decrease of its phosphocreatine content. From 
the indirtdual data of this series it Avould appear that these changes depend on 
the low blood pressure rather than on a simple transference of inorganic phos- 
phate from the previously occluded muscle to the normal resting muscle. 

CoAniENT. The changes of the phosphate' compounds of muscle tliat occur 
after complete occlusion of the blood .supply are similar to those which have 
been shown to occur in autolyzing muscle. Such changes appear to be almost 
complete vathin a few minutes in ground muscle incubated in saline solution 
but require about two hours in e\'ci.sed muscle, the structure of which has not 
been greatly disturbed. In a small series of rats killed by ligation of the base 
of the heart', we found that about three hours Avere necessary for these autolytic 
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processes to reach completion. In muscle after complete occlusion of the blood 
supplj^ there is no change of the total acid-soluble phosphates but there is a 
conversion of organic phosphates to inorganic phosphate, hlost of this phos- 
phorus is accounted for by the h3’-drol3'sis of phosphocreatine and adenosine 
triphosphate. The phosphocreatine decreases graduall3’- from the time of occlu- 
sion and almost disappears vithin one hour. Adenosine triphosphate disappears 
in about three hours. 

If the blood flow is returned to the muscle after less than three hours of 
occlusion there is a reversal of these chemical changes with reconversion of the 
inorganic phosphate to phosphocreatine and adenosine triphosphate. The h3’-- 
drol3'sis and res3mthesis of these compounds with occlusion and release are 
similar to those which occur with muscular exercise and rest except that the 
hydrol3^sis ma3’’ be accompUshed much more rapidl3'' by work than b3’ occlusion. 
There is also functional recoi-eiy of muscle occluded less than three hours but 
this ma3'’ be difficult to demonstrate until the edema of the muscle has subsided, 
which takes three or four da3's. After a week there seems to be complete 
recover3’’ of the muscle and comparisons of the muscles of the occluded leg vdth 
the normal of the same animal do not show any differences. 

If the blood flow is returned to muscle occluded for four hours there is no 
regeneration of phosphocreatine or adenosine triphosphate and a large amount 
of inorganic phosphate is washed out of the muscle. If fatal shock has not been 
produced it is se^^eral da3’-s before there is an appreciable increase of the acid- 
soluble phosphates of the muscle. From studies of microscopic sections of muscle 
taken several da3^s after release from occlusion, it is apparent that muscle fibers 
are beginning to regain their noimal staining reactions. After two weeks or 
more there is a return of the fimctional capacit3’' of the injured leg. In four to 
sLx weeks the rat appears to use this leg as well as a normal member but in all 
cases we have obseiwed even after three months the muscles have not regained 
their normal size. 

In these .studies we did not observe an3' rats d3dng after several da3’-s from 
renal impairment as described by B3’^vaters ( 11 ) in cases of crushing injuiy. 
This may suggest that the human kidney is much more susceptible to injury 
from m3mhemoglobin than is the kidne3'^ of the rat or that the two conditions 
are not entirety comparable. Our animals which were not killed for chemical 
studies died with shock in less than twenty-four hours or, if onl3^ one leg was 
occluded, the3’ survived with complete or partial recover3'’ of function of the leg. 
Our e.xperience with adult wMte rats is similar to that of others as to the sur- 
\dA'al after release of complete occlusion imder various circumstances. These 
ma3' be summarized as follows: In rats anesthetized with pentobarbital sodium 
and maintained at room temperature, when the occlusion of one leg and thigh 
is released after occlusion for four hours most animals show some signs of shock 
and hemoconcentration but usualty recover. Release after six hours of occlusion 
is usuall3’' fatal vdthin twelve hours after release. 

After release of occlusion of both hind legs or one hind leg and both forelegs 
recover3' occurs if the occlusion was maintained for less than thi’ee hours. After 
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occlusion of three hours’ duration some animals die within a few hours but 
others recover. After occlusion of three and a half or more hours all animals 
have died vithin ten hours after release of the obstruction, usually in about 
three hours. Intravenous injections of rat plasma will prolong the sundval time 
of these animals but we have been unable to extend then- survival for more than 
twenty hours. Occlusions for two hour periods -with release for thirty minutes 
were repeated four times vith subsequent survival and recovery. There are 
considerable imbibition of fluid in the muscles after release from occlusion of 
two hours’ duration and considerable regeneration of the organic phosphate 
compounds of the muscle. We were unable to demonstrate that preliminary 
short periods of occlusion and release produced anj’- increased resistance of the 
animals to shock after release from occlusions of four hours’ duration. 

Stimulation of muscle after occlusion of its blood supplj’- will produce about 
200 contractions. Chemical changes may be produced in one minute by stimu- 
lation after occlusion similar to those which require about tlu*ee hours when the 
blood supply is occluded vithout stimulation. Resynthesis does not occur unless 
the constriction is released. We stimulated electiicaUy both hind legs of twenty- 
seven rats inunediately after occlusion and released the occlusion after two hours. 
Sixteen died with shock in from two to eighteen hours after the release of the 
constriction and eleven recovered. Xone of our rats have died after release 
from similar occlusion of two hours vdthout stimulation. IMechanical trauma 
to the muscle immediately after occlusion also shortens the time occlusion is 
necessaiy to produce fatal shock after release of the occlusion. We have been 
unable to demonstrate any significant decrease of the time of occlusion necessary 
to produce fatal shock after release of the occlusion when only one leg has been 
occluded and stimulated. If a toxic substance develops from the hydroljdic 
products produced by exercise, this substance is not formed in great amounts 
or is also destroyed during the autolytic processes. 

SUWJTARY 

The changes which occur in the phosphates of muscle the blood supply of 
which has been completely occluded are those of autolyzing muscle. Adenosine 
triphosphate almost disappears after three hours and phosphocreatine is almost 
completely hydrolyzed in one hour. The inorganic phosphates of the muscle 
rapidly increase to a maximum in about four hours. The total of the acid- 
soluble phosphates is not changed. If the flow of blood is restored to the muscle 
vlthin three hours there is resjmthesis of adenosine triphosphate and phospho- 
creatine with a corresponding decrease of the inorganic phosphate. Fatal shock 
doc.5 not develop even tliough large amounts of muscle have been occluded. 
When the occlusion is released after more than three hours there is no regenera- 
tion of adenosine triphosphate or phospliocreatine but considerable inorganic 
phosphate is washed from the injured muscle into the blood. Fatal shock 
de%'ciops in rats so treated if the muscle.s of more than one leg and thigh have 
been occludcKi for three and a half hours or if the occlusion of only one thigh and 
leg persisted for six hours before release. This type of shock is definitely not 
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due to adenosine triphosphate washed out of the muscle because adenosine tri- 
phosphate is destroyed during the occlusion and its decomposition products 
appear to be relatively nontoxic. In rats survhdng release after occlusion of 
one leg for four hours there is almost complete necrosis of the injured muscle 
but sufficient cells remain alive to restore themselves. After four to six weeks 
there is restoration of function of the leg, although the original size of the muscle 
bundles is not completeb' restored. 
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I 

The extensive studies of many investigators agree that the summation of the 
varying changes encountered in shock, as this follows different inciting agencies, 
is the effectiveness of the circulating blood volume (1, 2, 3). This in its turn i.s 
referred more and more to the oxygen offered to various organs by the circulating 
blood. The opinion has been expressed that disturbances in metabolism result- 
ing from insufficient ox 3 ''gen through inadequate circulation are important in the 
so-called irrevei’sible state. Inhibition and block in the progressive formation of 
essential intermediates in the chain of cnerg}" i^roducing transformations are now 
known (4, 5, 6), but their importance cannot 3 mt be evaluated. The nervous 
83 fstem with its Avell knoAvn susceptibility to anoxia is definitel3’' concerned in this 
problem, and requires more consideration than it has been accorded. 

The importance of vasospasm has been pointed out repeatedly (7, 8). Its 
prompt appearance in tourniquet shock as distinct from the delay in shock from 
graded hemorrhage, its association with other manifestations especially hyper- 
gl 3 memia (9), its relation to the reactivity of the neiwous S 3 '-stem and its A'^alue as 
an index of the effectiveness of therapy all will be dealt with in the report that 
follows : 

Sodium Succinate Therapy in Traumatic Shock. An earlier report (10) included 
detail of an adequately standardized method of producing shock b 3 '^ the applica- 
tion of tourniquets to the hind legs of dogs, and also the results of infusion of 
several different blood substitutes. Dog plasma proved most efficacious with 
recovery of 80 per cent of the animals; succinate reinforced saline was second AAith 
43 per cent recovery. 

The prompt increase in blood pi-essure and also the altei-ation in the state of the 
animals from coma W'hen the infusion was started to alertness A\ithm a few^ hours, 
were impressive A\ith both plasma and succinate reinforced saline. These 
favorable signs w^ere also evident with preliminaiy trials of fumarate i-einforced 
saline. 

1 The work described in tliis paper wa.s done with the aid of gran^ from the Common- 
wealth Fund and under a contract, recommended by the Committee on Medical Re.search, 
between the Office of Scientific Research and Development and Yale University. 
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In subsequent experiments designed to determine the value of repeated in- 
fusion as distinct from a single one, mixtures of sodium succinate and fumarate 
were used. The concentration varied from 0.8 per cent to 1.2 per cent and ex- 
ceptionallj’’ as high as 2.3 per cent. The first treatment approximated 4 per cent 
of the animal’s weight, later ones, usuallj' after 4 and 8 hours, each were about 
one-fourth as large. The quantity of the two salts used for a single animal varied 
between 4 and 6 grams. The first 100 cc. of infusate was delivered rapidly, 20 cc. 
per minute; the speed was then reduced to 7 cc. per minute and this rate was used 
in later treatment. Therapy was started when the condition of the animal as 
previously reported was one of marked shock. Lack of alcrtn&ss and inability to 
sustain the circulation as e\’idenced by falling pressure and cold extremities were 
the indications for the second and third infusions. Nine of fifteen animals sur- 
vived. No significance could be attributed to the variations in the concentration 
and total quantity of .succinate and fumarate used. 

The explanation of the apparent therapeutic value of intermediates like suc- 
cinate is not at hand. In vitro studies concerned with the influence of succinate 
upon vital enzymatic activities are not sufficiently in agreement at present to al- 
low of definite conclusions. Shorr (11) was unable to demonstrate beneficial 
effect with succinate oxidation upon urea production in liver slices, deamination 
in kidney slices or phosphor 3 'lation in similar preparations of heart muscle. An 
explanation for tliis lack of utilization of energ.y is offered bj’- Meyer and Potter 
(12) who sugge.^t that it raaj' be a manifestation of in ntro conditions. 

The beneficial effects of sodium succinate therapj' obseived clinically have been 
attributed to its alkali content and consequent neutralization of acidosis. Soakin 
is of the opinion that acidosis is a significant factor in the development of the ir- 
reversible phase of .'^hock (13). Others have not obser\'ed the development of 
significant acido':is in clinical shock duiing the first hour or two (14). This has 
been confirmed in the experiments now to be brieflj^ recorded. 

Acidosis was measured just before institution of therapj’^ when the fifteen ani- 
mals above referred were at a critical state. The highest and lowest values of the 
nine suiwivoi-s were 49.7 vol. per cent and 23.G vol. per cent rnspectively, for the 
six that did not recover 31 .1 vol. per cent and 26.4 vol. per cent. This indicates 
that the degree of acidosis present when infusion was .‘started had no relation to 
recovery. Moreover it was not possible to demonstrate association between the 
obsen'^ed mild acidoris and sundval in .shock after hemorrhage, produced a.s 
dc-scribed later in thi- report; nor was the correction of the acidosis by infusion 
with sodium succinate detemiining for the outcome of the experiment. Some 
animals died even though the carbon dio.xide combining power of their blood had 
been returned to normal with infusion and others survived with persistence of the 
mild acid»)ris. l’he<e re-ults arc in agreement with those of Fine who found cor- 
rection of acidosis Iw infu.cion vdth sodium bicaiLonate to be without significant 
effect (15). 

It ma\' be concluded that development and coiTcction of acidosis was not a 
major factor in the result of therapy. This should not be interpreted to mean 
that under other circum'Tanee^ aeidori.^- may not be of greater importance. 
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. Vasoconstriction as Manifested by Different Methods of Recording Blood Pressure. 
In the experiments Mdtli repeated tlierapj’- in tourniquet shock referred to above, 
it was d&sirable to record the blood pressure at intervals over manj’' hours. Ac- 
cordingly the modified Friedman oscillograph (16, 17) was selected rather than 
the cannula and merciuy manometer. In everj^ instance recording with the 
oscillograph fell from normal to zero shorth’’ before infusion was started. In 
a few animals the pressure was measured simultaneousl}’^ from the femoral artery 
with a large gauge needle and a mercury manometer and was found to be be- 
tween 60 and 70 mm. Hg at the time when the oscillogi’aph no longer recorded. 

These obser\'ations led to detailed comparison of the readings as determined 
by the two methods during the development of shock, following the release of 
tourniquets and t.he subsequent iieriod of therap3^ The latter consisted of in- 
fusion either of dog plasma, dog plasma albumin or normal saline, and several 
animals for each one of these agents. As shock dex’^clopcd, the pressure dropped 
as measured with the mercuiy manometer to the well known levels found in tins 
method of its induction. The oscillometer readings at the same height as those 
obtained with the mercuiy manometer wiicn the tourniquets were released, fell 
more rapidly and reached zero before therapj' was instituted. The results of the 
latter wnre in sharp contrast depending on the material infused. With plasma 
and ultimate recovery of the animal, the oscillograph reading closely approached 
the IcAnl of the rising mercury' manometer iiressure within an hour. With al- 
bumin'(4.7 per cent) or saline tcmporaiy rise in manometricall}’- detemiined pres- 
sure was followed b}’- similaiij’- increased oscillometer readings but the discrep- 
ancy between the tAvopeisisted until the final drop of pressure preceding the death 
of the dog. 

These findings are illustrated in the twm following curves. 

The discrepancy in the readings as ascertained b3’' the oscillograph and mercuiy 
mmioraeter may be attributed to two w^ell knowai factors. The first is decreased 
cardiac output and pulse volume; the second, constriction involving not onl3' 
arteries of the size observable in the fundus of the e3'^e but also larger ones like the 
carotids and femorals. The more promptl3'^ the difference between the tw'o 
methods of recording becomes manifest, and this may occur within a few minutes 
after the release of the tourniquets, the higher is the manometiic reading likel3" 
to be and the more marked the A^asoconstiiction. Under those circumstances the 
discrepanc3'' must be largeb'' an expression of A’^asoconstriction. 

Anatomical Changes. Lesions of the heart muscle w^cre found constantl3' in 
these experiments. How far Amsoconstriction Avas responsible for their occur- 
rence as distinct from other factors associated A\ith the ineffectiA’c circulating 
blood volume cannot be determined. They were t3Tpical of inadequate oxidation 
(18) and quite indistinguishable from similar change found in protracted or 
pernicious anemia in man. Their occurrence is readily understood on the basis of 
the functional studies of IMcek, E3^ster, etc. (19). 

These lesions, encountered Avlien dogs suivived the release of tourniquets for 
more than 8 houis, involved particularly the papillary muscles of the left A^entricle 
and to a lesser extent the septum. Grossly they Amn'ed in size, Avere pale, and 
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contrasting -with the normal red muscle, mottled the surfaces. With Sudan their 
content of small fat droplets was easily shown, even when the striations of the 
muscle fibers were well preserved and the nuclei unaltered. These lesions un- 
doubtedly were the precursors of miliaiy foci in the papillary'- muscles found when 
animals that have recovered after therapj’- were allowed to suiwive 3 to 8 days. 
The latter were both smaller and fewer in number and represented necrotic 
muscle impregnated by calcium and surrounded by monocjdes. Examination 
of the adrenal cortex of a large number of these animals consistent!}’- showed de- 
pletion of lipid of the outer two la 5 ’-eis. The significance of the change is not 
known- (20). 

Mention should be made of the marked reduction in the clotting time of the 
blood following immediately on release of the tourniquets. Tliis has been re- 



I'ig. 1. Dog 16. Comparison of Ijlood pressure changes as recorded by the mercury ma- 
nometer and valiic.s recorded by the Friedman oscillograph. Release of tourniquets at 
11.00 a.m. Start of pla.sina infusions at 12:00 noon. 

Fig. 2. Dog 17. Comparison of blood pressure changes as recorded by the mercury ma- 
nometer and value.« recorded by the Friedman o.«cillograph. Release of tourniquets at 
11:11a.m. Stan of albumin infusion 12:30 p.m. 

ported (21) but dc.serves further attention because it became much more evident 
during the hot summer months. Indeed, intravascular clots complicated a con- 
siderable number of c.xperiments. Acute death after release of the tourniquets 
was observed ; more frctiuently the clot became, di.dodged with improved circula- 
tion after therapy and located in the pnlmonaiy arteiy Mth the usual typical 
fatal result. 

Hemorrhagic tihnek. The first probhiin involved the determination of the 
optimal rate for the withdrawal of blood to induce symptom.s comparable to those 
ohscrvorl after the relc:i>e of toumiqucLs. 

Shu' irithfJrawul of blood. T!ie repeated withdrawal of Ifiood in quantities 

• Dr. Rolf Kntrcii'-U'in’s help in nisking tbe.'.'e nnatoinical .‘jfudie.s is gralefnlly acknowl- 
edged. 
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ranging from f per cent to 1 per cent of the weight of the animal, up to a total of 
3| per cent in not less than 3| to 4 hours, did not result in shock, nor did this 
follow with subsequent repeated bleedings at the same rate up to even more than 
5 per cent. Hypotension was marked ; heniodilutioii was considerable, indicating 
that the ingress of fluid from the tissues approximated in amount the withdrawal 
of blood. It would seem that the efi'ective circulating blood volume was main- 
tained under these conditions and that as long as the number of red blood cells , 
was adequate to supply the minimal oxygen carrying requirements, no serious 
complication resulted. 

Under these circumstances vasoconstriction did not occur; there was no dis- 
crepancy between the blood pressure as measured by the cuff technique and that 
sccui’ed from a cannula in the femoral arteiy. The cold, grey mucous membranes 

T.A.BLE 1 


Dog 18, 9.0 hgm. Slow bleeding without development of vasoconstriction 
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warm 
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98 
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1:45 
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84 
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75 

1G9 
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12.5 

4.2 

Dog survived 

3:00 

i 

j 


182 

162 


12.5 
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without therapy 


SO characteristic of traumatic shock did not appear; the evidence of central 
nervous system involvement was minimal and at no time was there delay in se- 
curing adequate quantities of blood from the jugular veins. Its carbon dioxide 
value, determined in only a few ex]3crimcnts, was decreased, but did not reach the 
low levels reported (22). The oxj'gen of the jugular vein decreased but this was 
not extreme. The blood sugar was moderately increased. 

These fact.s are illustrated in the above record, representative of a group of 20 
animals. 

The group of animals represented by the foregoing example, it was realized, 
was not in shock (23), Their condition is well described as post-hemorrhagic 
hypotension, usually a revemible non -fatal state if not too extreme or too pro- 
longed. ' 

More rapid mithdrawal of blood. As the intervals between the vithdi’awal of 



















304 


E. MYLON, C. W. CASHMAN AND M. C. WINTERNITK 


blood were reduced, tlie clinical picture of shock tended to become increasingly 
evident. This is illustrated by the following dogs representative of groups of 10. 

Dog 19. The wthdrawal of blood equal to 40 cc./kilo body weight in 3? hours 
resulted in hypotension and hemodilution as in the pre\dous gi-oup. Pale, cold 
mucous membranes were noted at the end of 3^- liours and this condition per- 
sisted . At 4 hours blood could be secured only with great delay from the jugular 
vein. 

Dog 20 was bled 40 cc./kilo body weight in 2 hours and arterial constriction 
was observed half an hour later when the femoral arteiy was exposed for blood 
pressure determination. 

Dog 21 was bled more rapidly, 40 cc./kilo body weight in 80 minutes. The 
hematociit and carbon dioxide content of the blood was not much changed in 
this period. Arterial constriction became marked as evidenced by a drop in the 
jugular oxygen content and by the reduced pulse volume, which was not sufficient 
to work the Friedman oscillog)-aph wth the cuff pressure at a level well below the 
mean arterial pressure. 

A tj-pe of shock quite comparable to that obseiwed nith the standard tourni- 
quet procedure and including marked vasoconstriction resulted with few' excep- 
tions when bleeding wns carried out in the following way: 

1. Removal of an amount of blood equal to 10 cc./kilo body wnight at 20 
minute intennls until 30 cc./kilo bod3'' weight had been secured. 

2. Removal of 5 cc. of blood per kilo bodj' weight until 40 cc./kilo body vreight 
had been withdrawn. 

3. Removal of additional quantities of blood each from 2.5 to 5 cc./kilo body 
weight as indicated bi' the condition of the animal. Sixteen dogs bled in this 
way were not treated. They developed vasoconstihiion and died within an 
hour after completion of the bleeding procedure. 

The effort to produce shock bj' hemoiThage characterized by vasoconstriction 
and other phenomena to be dcscribetl was influenced in part by experience with 
touiniquet shock, in part bj' preliminaiy attempts at therapy indicating that 
shock characterized as indicated above presented the more serious challenge. 

Even though Ihese two fonns of .shock, as standardized, have in common 
marked vasoconstriction and associated pale, cold mucous membranes, empty 
veins, rdduced cardiac output and circulating blond volume, thej' contrasted with 
e^ach other in the following detail. 

Tlie general condition of the animal w'as much worse with a considerably higher 
blood pressure in toumiquet shock than was the case after hemorrhage, A pres- 
sure of 70 mm. ITg for the fonner wa.'? .‘jciious, for the latter even 30 mm. Hg may 
not have been. 

Hemoconcentration after tounjiquet release was progressive and the packed 
red cell volume reached values as high as 80 per cent. After hemorrhage, 
hemodilution was the rule. 

Ihperglycemia oecurred with both procedures; but reached a much higher 
level after hemorrhage. In 4 experiments of traumatic shock the arterial blood 
sugar rn«c from approximately 100 mgm. per cent to InS, 167. 176 and 159 mgm. 
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per cent. In 50 experiments with hemorrliagic sliock the blood sugar values as a 
rule were much liigher, reaching 300 mgm. per cent and more, shortly before 
therapy was instituted. 

The values for jugular oxygen shortlj- before the death of the animals subjected 
to traumatic shock were 2.4, 2.3, 3.9 and 3.2 vol. per cent; in hemorrhagic shock 
they were much lower — between 1.0 and 1.7 vol. per cent. 

Further Detail Indicating the Importance of Vasoconstriction. There seems to 
be no absolute relation between hjqiotension and the onset of vasoconstriction. 
Dog 22 developed vasoconstriction after removal of blood corresponding to 4 per 
cent of his bod.y iveight in slightly less than 4 liours when the pi-essure was 124 
mm. Hg as registered from the femoral artery with a mei'cury manometi'r and the 
Friedman oscillogmpli registei-ed 80 mm. Hg. Tlie appearance of vasospasm 
in this animal was unusual. It .should be pointed out. that it only occurred ex- 
ceptionally vdth this rate of blood Arithdrawal. 

Contrast the above with dog 23. Blood corresponding to 3,5 per cent of his 
body weight was withdrawn in 65 minutes and to 4 per cent in 90 minutes. The 
blood pressure as recorded from the femoral artery w^as 36 mm. Hg in 75 minutes 
and remained at this low level for an hour and more without vasoconstriction 
developing. 

This animal is one of six of a total of 30 (20 per cent) that did not develop 
vasoconstriction even though they w’ere bled rapidly and had a Imv pressure for a 
protracted period, /liie hematocrit did not vary greatly, acidosis became marked 
and the jugular oxygen approached wiiat has come to be regarded as a danger- 
ouslj’- low level, T\Ticn the relation of lypotension and vasoconstriction was 
further analyzed, no constant association could be established. Still the trend, 
wiien bleeding w'a.s reasonabb' rapid, w'as cleaii.y indicated in the- majority. 
Vasoconstriction usually was obser\'ed w^hen the pressure was between 38 and 
48 mm. Hg. 

It is of interest to note that vasoconstriction once established usually persisted 
and without therapy was followed by death. In only a few’ animals did the 
vasoconstriction disappear spontaneousl.y. 

Saline infusion after hemorrhage differed in its therapeutic effect depending 
upon the presence of vasoconstriction. VHlien this wns marked, only temporary 
improvement occiu'red and death almost invariably followed within a few’ hours. 

If the vasoconstriction had not become manifest, prompt improvement in 
general circulation could be e.xpected. 

Dog plasma infusion in the majority of instances w’as followed by a peraianent 
release of the vasoconsrtiction and recovery. (Vide dog 16. fig. 1 and dog 21, 
table 2.) 

Development of Shock with Reduction of Sugar or Blood Flout to the Central 
Hervous Syste7n. With the standard rapid withdrawal of blood and the associ- 
ated vasoconstriction, lo.ss of responsh'cncss and its sequel coma usuallj’ occurred 
with little delay. This would be exjiectcd from the added influence of the arterial 
constriction to that of hypotension upon the o.xygen supplj' to the nervous sj’stem. 
The reduction in oxidation resulted in a symptom.atologj’- quite similar to that of 
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insulin shock where the substrate is lacking uithout change in available ojQ^gen. 
Indeed the signs of excitement folloived 63 ’’ dejiression beginning Avith the cortex 
and involving progrcssiAml}’- basal ganglia, hypothalmus and medulla as described 
for insulin shock (24) Avere almost as eA'ident after hemorrhage Avhen oxygen, was 
the limiting factor. 

Bearing in mind the requirements for energA^ production on the part of the 
neivous sy.stem, experiments AA’ere devised to ascertain Avhether preliminary re- 
duction in available glucose or of blood supply to the nervous sy.stem would in- 
fluence the induction and intensity of shock after hemorrhage. 

Animals As^ere treated AAuth phloridzin to deplete their sugar reserve and to pre- 
vent the rise in blood sugar that normall 3 ' folloAvs the procedure inAmlAred inr pro- 


TABLE 2 

Dog 21, 8.0 kgm. Rapid bleeding with development of vasoconstriction 
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duction of shock by hemorrhage. The sati.rtactonly phloridzinised animals 24, 
25, 26 proved to be more susceptible to hemorrhage than the untreated controls. 
S 3 'mptom‘: referable to the neivous S 3 ’.slcm including loss of pupillary reactions 
and coma were early and prominent, even Avith the oxygen of the jugular vein still 
considcrabh' aboA-e the danger level. 

Two other animals, nos. 27, 28, were not adequately phloridzinised as their 
blood sugar levels ro=e .^ignificantH- vith hemorrhage. They developed the u.sual 
picture of shock with Ioav A'enous oxygen. All of the five animals received saline 
infu.«ion. 

The ouUtanding fact from this .<erie.= \va‘= the fatal out come of three animals 
who-e jugular oxA'gen ivas adequate a.^ judged bA"^ all preAiotis experience and the 
sujvival of the other two who«e jugular oxygen was at the danger level, \Vlien it 



MECHANISMS INVOLVED IN SHOCK AND ITS THERAPY 


307 


is recalled that the blood sugar, was low in the firat group and high in the second, 
the importance of sugar is emphasized. 

Ligation of the carotid arteries immediately prior to graded bleeding accentu- 
ated the neurological symptoms. Early excitement was followed rapidl}’- by 
coma which persisted even when the blood pressure temporaril}’- returned to 
noiTual after saline infusion. 

One interesting obseivation should be recorded. Blood corresponding to 4.5 
per cent of the dog’s bodj'- weight was removed in If hours. The carotids were 
clamped when the animal was in fair condition ivith a blood pressure of 38 mm. 
Hg mthout vasoconstriction, and vdth a jugular ox5’'gen of 3 vol. per cent. 


TABLE 3 

Influence of prelimmary phloridzination on the ouicoine of hemorrhagic shock 
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Within 7 minutes the pupils, until the closure of the clamps normally reactive, 
became dilated and fixed. The flow was then restored in the carotids and re- 
activity of the pupils returned promptlj’’. Tliis procedure was repeated twice 
vdthin 4 hour ivith similar re.sults. 

This evidence of the relation of blood flow to the brain and the pupillaiy re- 
activity contributes to the interpretation of mechanism concerned in shock par- 
ticularly to the significance of loss of pupillar response. It is further of interest 
that, by stereoscopic obseivation of the eye grounds, contraction of retinal 
arteries and also of veins was readily observed as other evidences of vasoconstric- 
tion developed after hemorrhage. The tension of the eye ball, normally more 
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than 20 mm. Hg, fell to 7 mm. Hg as measured by the tonometer.®- This cor- 
roborated the impression that has been gained bj’" palpation in many experiments. 

SUMMARY 

1. Repeated infusion of sodium succinate and fumarate resulted in recoveiy 
from shock produced by the tourniquet method in 9 out of 15 dogs. 

2. Tliere was no indication that correction of mild acidosis, present when 
therapy was started, played a major role in recoveiy. 

.3. Vasoconstriction developed promptly and frequently was marked within 10 
minutes after the release of the tourniquets. The mucous membranes became 
pale and cold, visible arteries were constricted and Iriood was only obtainable 
with difficulty from the collapsed veins. At this stage the blood pressure, 
determined by the cuff metliod, approached zero when the actual pressure in the 
femoral arteiy was 60 or more mm. Hg. This discrepancy disappeared with 
plasma infusion in contrast to a .slight and temporary'- reduction when saline or 
albumen were used. 

4. Structural changes found constantly in the heart muscle, indicated the 
severity of the anoxia and .suggested an explanation for the obseiwed alterations 
in function of the nervous system. 

5. Shock characterized by vasoconstriction followed the wthdrawal of blood 
when this was properly graded. Saline infusion as a nile was wthout beneficial 
influence when vasoconstriction was marked and contrasted \rith plasma that re- 
sulted in sundval of the majority of animals. 

G, Functional impaiiment of the central nenmus S3^stem associated with the 
anoxia resulting from hemorrhage was facilitated when the concentration of sugar 
was reduced by phloridzination; this was also tlie case vdth preliminarj'" ligation 
of the carotid arteries. 
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Witbin the last decade much attention has been focussed on anoxia and its 
related physiological problems. Factors influencing resistance to anoxia 
especially have received attention and numerous reports have been published 
purporting to show how such influences as age, rate of decompression, temper- 
ature, drugs, and even special diets might affect the animal’s anoxic resistance. 

In our laboratoiy we have investigated certain factors such as rate of de- 
compression, carbon dioxide, starvation, carrot diet, dehydration, and temper- 
ature of the surrounding air, some of the results of which we wish to present: 

1. Rate of decompression on anoxic survival. This field has been fairly well 
investigated since the outbreak of the war and some pertinent data have been 
ndthheld for militaiy secrecy. It is often stated that survival is greatest with 
rapid decompression (1, 2). Such may be true for certain animals but not for 
mice. Mice (rats) survive better with .slow decompression (3, 4, 5, 6, 7), appar- 
ently due to an acclimatization effect of some sort which may be the loss of body 
heat during the panting and sweating which usually occurs with decompre.ssion, 
or it may be loss of carbon dioxide, or dehydration. We have tried various 
rates of decompression and have found the optimum for greatest .‘^urvdval to 
be equivalent to 674 feet per minute (a^'erage). Faster or slower than this 
rate was lc.«;s effective. Table 1 shows the results of 4 different rates of decom- 
pre.'^sion. In these experiments the temperature of the air in the decompression 
jar was 20 ± UC. After the start of each decompression experiment the 
temperature in.sido the animal chamber rose .slightly indicating loss of heat 
from the mice. That fall m body temperature is significant in anoxic survival 
has been shown prexiou.sly (8). Prolonging the rate of decompression ex- 
cessively probabb’’ cau.«cs exliaustion of the mice. 

2. Carbon dioxide. In any decompression apparatus unle.‘;.s a relatively 
great .stream of air is being draum through carbon dioxide i.s likely to acemnu- 
late. That carbon dioxide may influence hypoxic survival wn.s considered a 
pos.'ibility. To determine in which direction carbon dio.xide influences survival 
a comparison was made with ol mire, 26 of which were dreornpre.'-.sed over a 
2 inch layer of .‘-oda-lime, being separated from it only by the thickness of a 
fine mc.sh cloth screen. Air previous^' wa.shed fi-ee of caiiam dioxide was then 
drawn through the decompression chamber. Twenty-fiv(‘ tnice were used 
under conditions exactly the same except for the ab.^ence of the soda-lime. 
Tlie results are shown in table 2. Statistically tlio re--ult.s are not significant; 

' l)y a grant from the Purdiic Ro.'-’carch Foundation. 
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however, they show that carbon dioxide does not increase hypoxic resistance 
which corroborates the findings of certain others (9, 10, 11). 

3. Inanition. The effect of starvation on anoxic sensitivity has been in- 
vestigated (12, 13). In our laboratory the' effects of starvation for different 
periods during which mice were supplied vith water ad libitum was determiaed. 
In no case did inanition increase anoxic resistance (see table 3). 

4. Carrot diet. The interesting observations of Campbell (14, 15) that 
protection against acute anoxia was afforded by carrots has led others to rein- 
vestigate the problem. Some (16) have confirmed these findings using a large 
number of animals, others (17) employing a different technique obtained nega- 
tive results. Our results agree vdth those of Campbell. Our mice were placed 
on a diet of carrots and water ad libitum for 10 days. It was noted that they 
consumed more water than usual and that the feces were very large and soggy 
indicating an excessive loss of water and an attempt to repay it by excessive 


TABLE 1 


I^UMIIEE OF MICE 

RATE OF DECOUF. (AVE.) 

AVE. SURVIVAE PRESS. 

EQUIV, ALT. 


Jt.lmin. 

mm. Ilg 

feet 

44 . 

9,384 

215.8 

30,967 

47 

3,754 

179.0 

34,965 

61 

674 

152.2 

' 38,362 

30 

■ 430 

1 174.2 

35,535 


TABLE 2 


NUMBER OF MICE 

I 

TEMP. 

RATE or DECOMP. 
(AVE.) 

A\TJ. SURVIVAL PRESS. 


*c. 

Jt.lmin. 

mm./Hg 

26 over soda-lime 

24° 


147.5 

25 controls 

24° 


151.1 


imbibition. When subjected to decompression these mice exhibited a notice- 
able absence of sweating and fewer convulsions. The possibility of NaCl loss 
as a result of excessive body water loss appeared and as a result other mice 
were placed on an exclusive carrot diet plus 0.2 per cent NaCl ad libitum for 
10 days. As a result very much less water (0.2 per cent NaCl solution) was 
drunk. Also the loss in body weight during the feeding period was greater 
than with the former group given water ad libitum. 'VVffien decompressed this 
latter group shdv'ed a significantly greater hypoxic tolerance than did the 
former group. Table 4 summarizes the results of the caiTOt diet. It might 
be added that the carrot-fed mice gradually assumed an orange color due to 
the carotinoid pigments present indicating considerable assimilation of these 
substances by the tissues. It should be added that at the same time these 
experiments were being conducted with mice others were in progress relative 
to factors Influencing the anoxic suiwival of the decapitated rat head. Using 
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a modification of Selle’s (18) method the survival of ' the decapitated heads of 
10 rats fed exclusively carrots and water for 10 days was compared vdth survival 
of control rats of the same age and weight. The results showed that the carrot 
diet did not increase the survival time of the decapitated rat head as based 
upon the total gasping time or total number of gasps. Evidently then carrots 
do not affect the anoxic resistance of the respiratoiy center. 

5. Dehydration. Because of the great loss of weight in mice fed exclusively 
on carrots and the probability that most of the weight lost was water the prob- 
lem then arose of determining the relationship of dehydration to hypoxic survival. 
This was done in two different ways. The first consisted of exposing mice 
water-starved for various periods, of time to gradually decreasing barometric 
pressure until dead, which was the routine used in the previous experiments. 
The second method consisted of quickly decompressing to 190 mm, Hg pressure 


TABLE 3 


NCilBEH OF UICE 

DimATio.v OP sKAfarios 

j 

RATE OF DECOUP. (aVT.) j 

AVE. SUaVIVAL PRESS. 
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hn. ; 
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674 

152.2 

]6 1 
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G74 

m.i 

IG 

48 

G74 

169.2 

IG 
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TABLE 4 


NTTMCEE or 
U2CE 

DIET 

AVE. WT. TOSS 

KATE or 
DECOMP, (AVE.) 

A\'E, BURVIVAT 
PRESS 

EQUIV. AtT. 

Gl 

controls 


Jt./min. 

074 

mm, II g 

152.2 

Jeel 

38,,3G2 

21 

c.'irrots plus ILO 

13.2 

G74 

138.2 

40,382 

24 

carrots pins NaCl 

IS 

G74 

129.3 

41,776 


(requiring 5 min. to reach this prc-ssure) and then quickly recompressing to 
room pre.ssurc in the following 3 minutes, and determining the percentage of 
mice surviving. In this latter method equal niunbers of water starved and 
control mice were used simultaneously in the same chamber so that each experi- 
ment was self-controlled. Data for the first (A) and second (B) methods are 
given in table 5. It i.s apparent then that water starvation greatly enhances 
the hypoac re.=i.stance in mice and may be the explanation at least in part of 
the beneficial effect .‘ihonn ly c.arrot diet. Comparison of A and B in table 6 
indicates a discrepancy in that 3G hours of water starvation in A represents the 
optimum period while 48 hours appears to be opthnum in B. The passage of 
time alone docs not necassarily indicate the amount of water los.s. Air temper- 
ature and humidity and possibly other factors arc also important here. The 
results show liowevcr that water lo.ss is of cardinal importance in hypo>:ic re- 
si.slance and with the exception of temperature i.s more influential than any 
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other ordinary factor in adult mice. This fact may explain why a slow rate 
of decompression favors hypoxic resistance inasmuch as more time is allowed 
for evaporation of water by panting and sweating as well as for concurrent 
fall of body temperature. 


TABLE 5 

A. (Slow decompression at rate of 674 feet per minvte) 


KmiBER OF UlCE 

UUBATinN OF HjO 

STARVATION 

AVE. WT, XOSS 

AVE. SURVIVAI. 

PRESS 1 

EQUIV. ALT. 


hrs. 

% 


feet 

• 61 

controls 

0 


38,362 

16 

12 



41,470 

16 

24 

18.1 

120.6 

43,235 

V. 20 

36 

19.5 

101.4 

46,866 

20 

48 

21.7 

111.5 

44,878 


B. (Quick decompression and recompression) 


DURATION OF HjO 
STARVATION 

NUMBER OF MICE 

NUMBER SURVIVING 1 

1 

% 

SURVIVING^ 

DirTERENTE IN % 

(A — B) 

hrs. 

' 24 

30 

i 

12 

A. 40.0 

3.4 

controls 

30 

11 

B. 36.6 


36 

32 

10 

A. 31.2 

10.4 

controls 

32 

6 

B. 18.8 


48 

30 

12 

A. 40.0 

13.4 

controls 

30 

8 

B. 26.6 

1 


TABLE 6 


NUMBER or MICE 

AlH TEMP. 

RATE or DECOMP. 
(AVE.) 

AVE. SUR\TVAL 
PRESS. 

EQUIV. ALT. 


'C. 

//./win. 

mm. Eg 

feet 

16 

29.5 

674 

179.6 

34,895 

61 

26 

674 

152.2 

38,362 

20 

20 

674 

121.2 

43,131 

16 

10 

674 

91.6 

48,994 


6. Temperature. It has been sho^vn that reduction of oxygen tension (baro- 
metric pressure) lowers body temperature (8, 19, 20). Thus the animals tend 
to become poikilothermic when subjected to decompression. This is facilitated 
by lowering the temperatm-e of the surrounding air. Table 6 illustrates nicely 
the influence of air temperature on anoxic survival. The temperature is that 
of the start of the experiment. The explanation of the physiological effect of 
temperature is doubtless the rate of oxygen consumption which is lowered by 
lowering body temperatxu-e. 
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SUMMARY , 

The effects of such factors as rate of barometric decompression, carbon'diox- 
ide, starvation, carrot diet, dehydration, and air temperature on hypoxic sur- 
vival of mice have been investigated. Our results have demonstrated the 
following facts, some of which are corroboration of earlier work, others of which 
are unique, 

1. Mice tolerate hypoxia best if decompressed slowly (approximately 674 
feet per second as an average). Prolonging the rate too greatly results in 
earlier failure of the mice. 

2. Carbon dioxide has no significant effect on hypoxic survival not being 

beneficial to greater tolerance. ' 

3. Inanition decreases hypoxic resistance in direct proportion to the dura- 
tion of starvation. 

4. An exclusive diet of caiTots for 10 days increases the resistance of mice to 
anoxia which is apparently related to water loss from the tissues. 

5. Dehydration up to approximately 20 per cent of total body weight sig- 
nificantly increases hypoxic resistance, beyond 20 per cent diminishes resistance. 

G. Reduction of the temperature of the surrounding air increases hypojdc 
resistance in direct proportion as the air temperature is lowered. 
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It has been demonstrated that androgens increase the size of the kidneys of 
the mouse (2, 3, 4, 5), rat (6, 7, 8) and dog (9). The greatest and most uniform 
changes are noted in the mouse (4). Significant increases in the rat kidney 
occur only after hypophysectomy (7) or on injecting an optimum dose of testo- 
sterone propionate (8). The small (10-20 per cent) increase in the kidney 
weight of the normal rat after testosterone injections probably is not significant 
(10). 

Since the kidney is an important metabolic organ, it is very probable that the 
change in its size after testosterone propionate injections is a reflection of the 
metabolic demands imposed upon the body by the androgen (12, 13, 14). It 
seemed, therefore, that a study of the available steroids for both their reno- 
trophic and androgenic properties might provide a valuable “screening process” 
for the selection of steroids with greater renotrophic (metabolic) than androgenic 
effects. That such a compound(s) exists was suggested by the fact that urinary 
androgenic extracts possess very marked protein anabolic properties (15) yet 
these preparations contain no testosterone. 

Methods. Pellets. The steroids® were made into .cylindrical pellets of 
14 ± 1 mgm., diameter 2.7 mm. and length 2.7 0.1 mm., by riieans of a hand 

press designed in this laboratory. 

’ This laboratory has adopted the suffix -trophic in preference to -tropic in accordance 
with the suggestion of Corner (1). 

The data contained in this paper have been reported in the minutes of Josiah Macy 
Jr. Foundation “Conference on Metabolic Aspects of Coavalescence Including Bone and 
Wound Healing,” (Sept. 11 & 12 and Dec. 11 & 12, 1912; Mar. 12 & 13, .June 11 & 12, and 
Oct. 8 & 9, 1913; Feb. 11 & 12, 1914). 

* This investigation was aided by grants from the Josiah Macy Jr. Foundation and Ciba 
Pharmaceutical Products, Inc. 

5 The author is indebted to his wife, Irene Ivochalcian, for her valuable technical assist- 
ance in this investigation. 

* Treatment of female and castrated male rats for short and long i)eriods of time with 
small and multiple or large pellets of testosterone or testosterone propionate has had no 
effect on kidne 3 ’ size. In one series of experiments the pellet was implanted directly in 
the kidnej' without anj' effect . There is, however, a definite increase in the arginase conten t 
of the kidneys of the treated rats (11, unpublished). 

® The author is indebted to Dr. E. C. Kendall for the 11-delu-drocorticosterone: Dr. 
J. J. Pfiffner for the IT-l^droxy. ll-dehydrocorticostcrone;Drs. K.Dobrinerand S. Liebcr- 
mann for the etiocholanol-3a,one-17; pregnanol-3a,one-20 and allopregnanol-3ar,one-20; 
Dr. M. Ehrenstein for the androstanediol-3.fl,5,dione-6, 17 ; and to Drs. E. Oppenheimer and 
C. R. Scholz for all of the other steroids, manj’ of which were prepared specially for this and 
related studios !>>' Dr. C. R. Scholz. 
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Animals^. Mice of the highly inbred Murray-Little dba strain were cas- 
trated under ether anesthesia at 16.0 to 19.5 grams body weight. They were 
fed Puiina Fox Chow checkers. 

In most of the experiments four or more mice were used. In a few instances, 
however, the scarcity of material limited the number of animals but only obvious 
conclusions are made in these cases. 

Duration of experiments. The steroid pellets were implanted (4) thirty days 
after castration and were allowed to remain in situ for thirty days. Many of * 
the more active compounds also were tested over a period of ten days. 
Testosterone and desoxycorticosterone also were tested in a twenty-day series 
of experiments. 

Autopsy: The mice were fasted twenty-four horn’s before autopsy and were 
killed by decapitation. The organs were immediately removed and weighed 
on a Roller-Smith torsion balance. The pellet was removed, washed in dis- 
tilled water, dried in a desiccator over calcium chloride and reweighed. 

Results, Normal animals. The renotrophic-androgenic condition of the 
normal mouse (tables 1 and 2) is most nearly simulated by androstanol- 
ITctjOne-S. Although this may be interpreted to indicate that this compound 
is identical or closely similar to that naturally occurring in the mouse, it is more 
likely, however, that the renotrophic-androgenic status in the organism is 
governed by a number of substances. 

The effect of castration. In agreement with the previous report (4), castra- 
tion produced a marked retardation in growth of the kidneys and seminal 
vesicles and prostates accompanied by hypertrophy of the thymus. There 
was no significant difference in the kidney weights of the castrated control mice 
for the 10, 20 or 30 day experiments (4). 

Chemical structure and activity. There are twenty-one compounds that are 
able significantly to increase the weight of the Iddneys of the castrated mouse 
(table 1). The increases are neither related to amount of steroid absorbed 
nor androgenic activity (cf, table 3), but do seem to be related to chemical 
structure. 

The 17a-hydroxy group is necessary for maximum activity of the molecule. 
The replacement of this radical by a ketone (androstenedione-3,17; andro- 
stanedione-3,17) gi'catly reduces and the introduction of a 17/S-hydroxyI com- 
pletely obliterates (cis testosterone) all actiirity. 

Tlie 3 ^-h 3 'droxyl group also tends to decrease (isoandrosterone) or com- 
pletely remove activity (androstanediol-3j8,17a), but its effect is offset some- 
v,’hat by the introduction of unsaturation (dehydroisoandrostcrone) or a methyl 
group in the 17 po.sition (n-mothjd androstanedioI-3,5,]7a and 17-methyl 
androstenediol-3i? , 17a). 

Saturation of the ring double bond (androstanol-]7a,one-3) results in a 
decrease in total activity which is probably due in part to the much .slower rate 
of absorption (tables 3 and 4). Furthermore, there is a greater decrease in the 

® All of tlio mien were jrejieroiiHly provider by 3. O. Warner of ffia Biological Klation 
Springvillc, N, Y, 
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renotrophic than the androgenic potency. Of even greater significance is the 
change in the renotrophic-androgenic ratio in the saturated 3o:,17a diols. 
Ajidrostanediol-3a:,17a: has a much greater effect on the weight of the kidney 

TABLE I 


The effect oj various steroid pellets on the kidney, seminal vesicles and prostate and thymus of . 

the mouse 



NO. OF 
MICE 

1 

STEROID 

ABSORBED 

CHANGE FROM CASTRATED 
CONTROLS® 

STEROID 

' Kidneys 

Seminal 

vesicles 

4- pros- 
tates %“ 

Thymus 


30-day experiments 


Testosterone 

9 

8.3 

108 

2860 

-91 

Testosterone propionate' 

11 

4.4** 

99 

2700 

-94 

17-Methyl androstanediol-3a, 17 q; 

7 

2.6® 

98 

1380 

-76 

17-Methyl testosterone** 

6 

8.5' 

96 

2700 

-97 

Androstanol-17«,one-3 

6 

2.6 

79 

2390 


Androstanediol-3a', ]7o: 

11 

1.7 

77 

1245 

-82 

(Normal mice) 

16 


61 

1962 

-42 

17-Vinyl testosterone 

8 

8.1” 

53 

1100 

-36 

Testosterone acetate 3, prop-17 

2 

1.3” 

42 

1800 

-79 

Desoxycorticosterone acetate' 

8 

9.3 

40 

-9 

-18 

Androstenodionc-3 ,17 

6 

10.6 

32 

1570 

-88 

17-Ethyl testosterone 

9 

5.P 

32 

700 

-24 

17-Methyl androstanediol-3/3, 17a 

5 

0.4 

29 

-9 

-12 

17-Hydroxv,ll-dehydrocorticosterone^ 

2 

15.1P 

27 

-9 

-100 

Androstanedione-3, 17 

7 

9.2 

49 

327 

-58 

Androsterone 

6 

3.7 

18 

1 54 

-46 

Androstanediol-3a, 17or, acetate-3 

3 

0.7 1 

17 

-=18 

-24 

17-Methynyl androstenediol-3^1, 17a 

6 

0.9 

17 

82 

-9 

a-EstradioP 

6 

2.6 

15 

54 

-70 

17-Ethynyl androstanediol-3)3,]7a 

5 

0.5 

13 

-18 

■{“9 

Dehydroisoandrosterone 

5 

10.9 

13 

73 

1 -24 

17-Ethynyl androstcnediol-3j8,17a 

5 

1.0 

5 

0 

-1-3 

17-EthynyI testosterone** 

6 

0.5 

5 

0 

+12 

Androstanediol-3^, 17a 

6 

0.2 

5 

18 

-15 

3 , 17-Dimethyl androstadien ol-l 7a 

6 

2.6 

4 

-9 

+9 

Progesterone' 

1 5 

5.6 

3 

9 

-15 

Testosterone benzoate 

6 

0.2 

2 

27 

-21 

ll-dehydrocorticostcronc' 

4 

17.6^ 

2 ' 

—45 

-27 

Androstanediol-3,0, 5, dionc-G, 17 

1 

6.8 

2 

-45 

+12 

Isoandrosterone 

8 

9.3 

1 

IS 

-33 

cis-Testosterone 

4 

3.6 

1 

18 

-9 

Pregnenol-3/S, one-20 

5 

O.S 

0 

-9 

+3 

3-Methyl androstadienol-17a 

6 

5.7 

-1 

9 

0 

Androstenediol-3/3, 17a 


0.7 

-2 

18 

-24 

AndrostenedioI-3;S, 17/3 


2.1 

-3 

-18 

0 

Allo-pregnanoI-3a, one-20 , 


0.1 

-5 

0 

-12 

Androstanediol-3a, 17a, diacelate 


0.2 

-6 

-IS 

-21 

Etiocholanol-3a,one-17 

1 

7.9 

-8 

-rlS 

-6 

Pregnanol-3a, one-20 

1 

2.9 

-16 

-36 

-18 
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TABLE 1 — Concluded 


' 



110. OF 
MICE 

STEROID 

ABSORBED 

CHANGE FEOir CASTRATED 
CONTROLS® 


STCROW 


Kidneys 

Seminal 

vesicles 

4- pros- 
tales , 

Thymus 


20-day experiments 


Testosterone -f desoxycorticosterone. . 


1 

7.2 

13.9 

137 

2410 

-85 

Testosterone . , . : 


6.0 

99 

2260 

-79 

Desoxycorticosterone 


12.0 

24 

-9 

-18 


10-day experiments 


Testosterone -f- desoxycorticosterone 


3.4 

86 

1270 

-85 

Testosterone 


8.8 

8.3 

60 i 

1 130 J 

—61 

Testosterone -}- a-EstradioI 


3.2 

58 

736 

-61 

17-Methyl testosterone j 


0.7 

3.1 

56 

1090 

—76 

Testosterone propionate j 


1.7 

55 

1110 

—79 

Androstancdiol-3Qr,17a 

4 

0.8 

46 

527 

-58 

Androstanol-17a, one-3 

4 

0.7 

40 

! 1060 

-68 

Desoxycorticostcrono 


]0.'2 

1 22 

91 

-55 

a-Estradiol 


0.6 

i 20 

191 

-49 

ll-Dehydrocorticosterone 


12.5 

18 

-18 

-97 




“The average values of 28 castrated mice; kidneys 263(231-292) seminal vesicles and 
prostates 11(7-13); thymus 33 (23-43). 

^ Per cent of averages. 

* Perandren. 

Metrndren. 

' Percorten, 

f PfilTner's compound F, Kendall’s compound E. 

0 Ovmcylin. 

^ Lutocylol, anhj’drohydroxyprogcstcrone, prcgnen-yn-ol-one, 

*’ Lutoci'lin. 

t Kendall’s compound A. 

* Equivalent to 3.7 ingm. of testosterone. 

‘ Equivalent to S.l mgni. of te.sto.sterono. 

” Equivalent to 7.5 mgm. of testosterone. 

" Equivalent to 0.94 ingin. of tc.slostoronc. 

' Equivalent to 4.7 mgm. of testosterone, 
r Only Irace.s of material remaining at autopsy (cf. fig. 1). 

'! Equivalent to 2.5 mgm. androstanediol-3or,I7o. 

than on the eerainal vesicles and prostates. The introduction of a i7-methy] 
group further enhances the renotrophic-androgenic ratio. Somev/hat similar 
results are obtained when a pellet of a-cstradiol or desoxycorticostcrono is 
implanted eimultaneou.sly with a pellet of testosterone. 
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TABLE 2 


The renolrophic-androgenic ratio of various steroids 


STEROID \ 

INCREASED KIDNEV V.'ElGBT/lNCEEASED SEMIHAl. 
IXSICLE AND PROSTATE WEIGIIT 

DDRATION OP EXPERIMENT 


30 days 

20 d.ays 

10 days 

1 

17-Methyl androstanediol-3a,17a 

Andro3tanediol-3a, 17a 

mm 


2 09 

Testosterone + a-Estradiol 



1.89 

Testosterone + Desoxycorticosterone 


1.36 

1.61 

V 17- Vinyl Testosterone 

1.14 



17-Eth3d Testosterone 

i 1.09 



Testosterone 

0.90 

1.05 

1.27 

Testosterone Propionate 

0.8S 


1.20 

17-Methyl testosterone 

0.85 


1.23 

Androstanol-17a , one-3 . ! 

0.79 


0.90 

normals 

0.74 



Testosterone acetate-3, propionate-17 

0.55 



Androstenedione-3 ,17 

0.49 




TABLE 3 

The relative rcnolrophic efficacy of steroids 


STEROID 


Anclrostancdiol-3a, 17a 

Testosterone acetate-3, propionate-17. 

17-Methyl androstanecliol-3a, 17a 

Androstanol-17a, one-3 

17-Ethynyl androstancdiol-SjS, 17a 

Testosterone propionate 

Androstanediol-3'a. 17a, acetate-3 

a-Estradiol 

17-Mcthyl androstanediol-3/3, 17a 

Testosterone 

17-Mcthyl testosterone 

17-Vinyl testosterone 

17-Ethyl testosterone 

Desoxy corticosterone acetate 

Desoxycorlicosteronc 

Androstcrone 

Androstenedi one-3, 17 

Androstanedionc-3, 17 

Dehydroisoandrosterone 

17-Hydroxy, 11-Dehydrocorticosteronc 
1 i-Dehydrocorticosterone 


ISXREASE IN WEIGni 


30 day experiments 

Per rngm. 
steroid 

Per mole 

X lO-i 
steroid 

119.4 

349.0 

84.5 

.336.5 

99.3 

302.0 , 

79.6 

231.0 

70.0 

221.5 

59.1 

214.0 

61.5 

205.5 

66.6 

180.0 

47. S 

145.2 

34.2 

98.4 

31.3 

94.5 

17.0 1 

.53.4 

16.5 1 

52.1 

11.9 I 

44.2 

12.5 

36.1 

8.0 

22.9 

5.4 

15.0 

3.0 

8.0 

1.1 

4.0 


or KIDNEVS (ilGM.) 

10 day experiments 


Per mpn. 
steroid 

Per mole 

X 10-s 
steroid 

151.2 

441.0 

1.50.0 

434 

85. S 

306 

86.7 

234 

47.5 

137 

47.7 

144 

15.6 

51.4 

3.7 

12.7 
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Alkyl groups. The methyl group has a variable effect on the activity of the 
various compounds. It neither enhances nor decreases the activity of testosterone • 
but when present on the 17 carbon atom it definitely increases the activity of 
androstanediol-3a,17a-, androstanediol-3;8,17a and ■and’rostenediol-3^,17a 
(table 1). The position of the methyl groups, moreover, plays an important 
r61e in its ability to increase activity. The 3-methyI group in contrast to the 
17-methyl has no effect by itself (3-raethyl androstadienol-17a),’ furthermore 
when added to a compound containing a 17-methyl group (3,17-dimethyl 
androstadienol-17«) it offsets the enhancing effect of the latter radical. 


TABLE 4 

The relative androgenic efficacy of the steroids 


STEROro 

INCREASE IN WEIGHT OI 
AND P20SW 

30 day experiments 

' THE SEUINAL VESICLES 
iTKS (UCM.) 

10 day experiments 

Per gram 
steroid 

Per mole 

Per gram 
steroid 

Per mole 
X tO-s 
steroid 

Testosterone acetate 3, propionate-17 

152.5 

606,0 



Androstanol-17a, onc-3 

102.1 

296.0 

167.0 

484 

Testosterone propionate 

67.5 

240.0 

71.6 

255 

Androstanecliol-Sa, 17ci! 

80.4 

235.0 

72.5 

212 

17-Mcthyl androstanediol-3o',17Q' 

58.4 

177.8 



Testosterone 

37.9 

109.2 

37.6 

108 

17-Methyl testosterone 

35.0 

105.8 

38.7 

117 

17-Ethj'l testosterone 

15.1 

47.7 



17-Vin}4 testosterone 

15.0 

47.0 



Androstenedione-S, 17 

16.3 

46.6 



17-Meth3'l androstanediol-3^, 17a 

10.0 

30.4 



Andro&lancdione-3, 17 ... 

3.9 

11.3 : 



a-Estradiol 

2.3 

6.2 

35.0 

94 

Androsterone , , 

1.6 

4.0 



Delwdroisoandrostcrone . . 

0.7 

2.0 



Desoxycorticostcrone 



1.0 

3.3 


In contrast to the 17-methyl group, the 17-ethyl group greatly decreases the 
potency of testosterone, the 17-vinyl group also decreases the activity but to a 
lesser degree than the ethjd group, and the 17-eth3Tiyl group completely re- 
moves all activity. The decrease in activity may be due in part to the lower 
rate of absorption (tables 3, 4) as a result of addition of these groups but some 
of the change must be due to the chemical nature of the alkyl groups. There 
is almost as much i7-vinyl testosterone as testosterone or 17-methyl testosterone 
and about twice as much as testosterone propionate absorbed. Also the amount 
of ethyl testosterone absorbed, though less than that of testosterone or 17- 
methyl testosterone, is greater than that of testosterone propionate. 

The decroase in renotrophic activity for both J 7-ethyl and 17-vinyl testosterone 
is somewhat less than the decrease in androgenic activity. Consequently 
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these two compounds have a greater renotrophic-androgcnic ratio than 
testosterone. 

Testosterone and derivatives. Testosterone, testosterone propionate and 
methyl testosterone exhibit the gi’catest eiTect on hot)) kidney and seminal 
vesicle and prostate weight. 

Esterification of testosterone results in a greater efficacy of the material 
(tables 3 and 4), but when the procedure results in too great a decrease in the 
rate of absorption of the honnoue (testosterone benzoate) then the physiological 
activity also disappears. Furthermore, there is a decided cliangc in the reno- 
trophic-androgenic ratio in the animals treated ndth the diester of testosterone. 
This change may be due to either the decreased amount of material absorbed 
or the diester jicr se. 

Urinary hydroxy kelostcroids. The hydroxy kctostcroids knomi to occur in 
urine show no, or slight, activity in both renotrophic and androgenic activities. 
Experiments with a crystalline fraction containing a mixture of all of iiie «- 
hydroxy ketones present in normal male urine" also did not exhibit any activity. 

Ovarian and related steroids. Neither progesterone mu' its related compounds 
including the synthetic product, anhydrohydrox>i)roge>:terone (IT-ethynyl 
testosterone) afl'ect any of tlie organs studied. Tlie one estrogen, a-l'^st radio), 
investigated however showed significant cfi'ccts on both the kidneys and the 
scmina.l vesicles and prostates. Furthermore, when the estrogen is implanled 
simultaneously vith te.'^t.ostcrone. it causes a decrease in the androgenic activity 
of this substance. 

Adrenal cortical stcraids. All of the adrenal cortical sleroitls*’ .<how variable 
but significant renotrophic activity. The failure of )l-<Ieliydrocorti(;o'^terone 
to show any renotrophic activity in the 30-day tent.s jirobably is due to the rapid 
rate of absorption of this material (fig. I). A .somewhat similar effect, is notx-d 
with de.soxycori.icostcronc; this compound proriuce.s a .small but, definite in- 
crease of the sex organs and a decrease in the size of the thymus for the fO-day 
but not for the 20-day experiment. Furtbennor(\ tlui longer jx'riod of treat- 
ment docs not cause a further incro.'i.'.e in kidney weight, Apj)areiiiiy, lai-ge 


doses of this materi.al are necessary. 

'Die implantation of a pellet of dt'-oxycorlico-ieronfi .dtnuUane.>udy with 
that of testosterone rcsuU.s in .‘summation of all of the activities of tin* two 
com])Oimds (cf. 7) with a resulting increase in the narotrophic.-audrogenic rutio. 

EjJieacy of ihr respective steroids. Since all ctf (he steroids wen* inijikuited a*- 
pellets of the .same size and weight, tlie amount of material av.-dl;d>]e was gov- 
erned by the r.ato of absorption of the several compomKh. 'ris'aefore, tlic 
incre.'isc in renotrophic (table 3) and androgenic (table B activitie-, Jui.- faen 
calculatcxi as per milligram and mole X 10“ ® of stennd. 'I'he cotapouiid- ate 
listed in decreadng onier acconh'ng to the vafue- oi'^aonsj />n tie' nah* h’S'h. 


’ Korii.'iki:!!. ut tivitiUhti-;*!. 

'.V frv'-ejljr.f isiixtiio’ (M, i!. 

dcljyiirocnrtiVn-O’nCi’' rcuj rosy cert in 

'lefit.itt' Tenet reel, ir activity 


I c.’tst.etnnc 

r.eif T.l*-* if 


c! I' tiy 17-1.;, Ctf ,11- 
.if ,i v.'i-lC, S-et 
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The reno trophic efficacy of the steroids is greatest in the 10-day experiments. 
The degree of difference between the two periods of treatment, however, is not 
the same for the various compounds. The androgenic efficacy of the short 
term experiments, on the other hand, decreases slightly, does not change or 
increases markedly over that of the experiments of long duration. 

The much greater efficacy of the esters of testosterone, especially the diester, 
suggests that the amount of material absorbed even from the monoester is 
much more than nec&ssaiy to biing about a maximum rate of response® in the 
organs. Thus the relative efficacies are true only for the conditions of the 
experiments. 

Thymus. The decrease m thymus weight in general is proportional to the 
increase in androgenic or estrogenic activity with the exception of the adrenal 
cortical compounds. The effectiveness of the latter steroids is: 17-hydrory, 
11-dehydrocorticosterone, 11-dehydrocorticosterone, and finally, desoxy- 
corticosterone (cf. 16). Furthermore, the amount of available material present 
definitely influences the degree of regression of the thymus (fig. 1). 

The regression of the thj’-mus after administration of androgens and estrogens 
i.s well knomi. 

Discussion. Since the urinary hydroxy ketones have very little effect on 
the weight of the kidneys and androstanediol-3a,17ahas a marked and prefer- 
ential effect on tliis organ, it may be assumed that the highly potent androgenic 
(17) and protein anabolic property (15) of urinaiy extracts is present in the 
hydroxy non-ketonic fraction. This portion of the extract forms a large part, 
42 per cent,^® of the neutral (androgenic) extract of urine (16). Furthermore, 
not only are the Icnorni hydro.xy ketones of urine feeble in their androgenic and 
renotrophic properties but also at least two of them, androsterone and dehy- 
droisoandrosteronc, possess no protein anabolic properties.” 

The increase in kidney size varies with the nature of the metabolic demands 
imposed upon the organism by the .steroids. The greatest increases in kidney 
size are obtained with those compounds that have protein anabolic properties 
(cf. 12). On the other hand, only small and variable increases in the size of 
the kidne}^ result after the administration of the steroids that stimulate protein 
catabolism (18), The increase in arginase activity of the kidney also is greater 
with the protein anabolic than catabolic steroids. Furthermore, the changes 
in arginase content of the kidneys arc not related to the increase in size of the 
kidney but to the compound administered. Thus, although a-estradiol and 
dnsoxycorticosterone cause similar increases in kidney size, the former in- 
creases (12) and the latter decreases'- the arginase actirity of this organ. The 

Thf! impkinlatioii of two pellctH of te.-ito-sterouo propioJuste iii.ste.id of one in order to 
double tlicainounl of mfUcrird absorbed gave no further increase in kidney or seminal vesicle 
and prostatev.eigbt in cither 10 day or :i0 day experimenlB(Koch,akian,C,D., unpublished). 
The .arginase content of the kidneys of the douhly treated mice, howc%'er. was twice that of 
the singly treated (cf. 12). 

Kochakian, unpubli.shcd. 

»> Bassett, .S. II., B. II. Kcutinann, and C. D. Kochakian, unpublished. 

» Koch.akian, unpublished. 
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effect, of desoxyrortico^terono probably fine to aitoration^ in the mineral 
metabolism of the bod}' (19). 

Since this investigation h eonccTned with a coin])ari''On (if the renotrophic 
with the androgenir efiVt‘1 of the i't(a'oid<, no delailefl attem])t i.~- nnide to coui- 
parc the androgenic cn’cct*^ of tliis study with tho'-o obtaim'd in flic capon (cf, 29) 
and rat. (cf. 20) nr the controversial renotrophic effect’' (0. 7) obtained in the 
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by the more efficient, pellet implantation method (22, 4) wMoh has demon- 
strated that only very small amounts of the more potent hormones are neces- 
sary to produce maximum physiolo^cal responses. 

SUMMARY 

The effect of thirty-nine steroids on the size of the kidneys, seminal vesicles 
and prostates and the thymus of the castrated mouse (dba strain) was studied 
by the subcutaneous implantation of the steroids as cylindrical pellets weigh- 
ing 14 ± 1 mgm. Twenty-one of the compounds significantly increased the 
kidney and sixteen the seminal vesicle and prostate weights of the animals. 
The changes are related to the chemical structure of the substances. 

A comparison of the renotropliic ndtli the androgenic effect revealed that 
androstanediol-3a:,17a and to a greater extent its 17-methyl derivative prefer- 
entially increased the kidney size to a marked degree. A similar but probably 
not identical effect was obtained when either an a-estradiol or desoxycorti- 
costerone pellet was implanted simultaneously with a pellet of testosterone. 
A somewhat greater renotrophic-androgenic ratio was observed in the mice 
treated for 10 days than in tliose treated for 30 days. 

A study of the relative efficacy of the renotrophic and androgenic effects 
suggested that the rate of absorption of many of the steroids, especially 
testosterone, 17-meth3d testosterone and testosterone propionate, provided 
more of the hormone than was necessary for the maximal needs of the organism. 
The urinary hydroxy ketones showed .slight or no activity. 

The thjanus decreased in size in proportion to the androgenic or estrogenic 
activity of the steroids except for the adrenal cortical steroids. The order of 
potency of the latter compounds was: 17-hydroxy, 11 -dehydrocorticosterone, 
11-dehydrocorticosteronc and desoxycorticosterone. 
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Progesterone is metabolised by the body (1 , 2) and excreted in part as preg- 
nanediol gliicuronate (2, 3). Tlie tissues responsil^le for this conversion are not 
known. It has been demonstrated, however, by the implantation of pellets that 
many of the other steroid hormones (cf. 4) are metabolised b}^ the liver. There- 
fore, a similar stnd.y was undertaken with progesterone, 

Method.s. Adult female rabbits Avhich had been isolated for at least four 
weeks were used in all of the experiments. At the time of implantation of the 
pellets a piece of the right uterine horn was removed for histological study and 
the ovanes were carefully e.xamined foi* corpora lutea. In a few instances the 
ovaries were rojnovcd but them was no difference in response between these 
animals and non-ovariectomized animals of the respective groups. On the sev- 
enth day after implantation of the pellets, the animals were killed and a piece 
of the left uterine horn and the ovaries were removed for histological study. 
The pellets were remo\'ed, washed in water, dried in a desiccator and reweiglfed 
on a torsion balance. The degree of progestational acti’vity was evaluated by 
the Comer- Allen scale (5, G). 

Pelkis. The pi'ogesterone- was prepared in pellets of two sizes: (a) 50d= mgm. 
concave discs, G mm. in diameter; and (b) 25 ± mgm. cylinders, 3 mm. in diam- 
eter by 2 mm. in length. The latter wei-e used only in the multiple mesentery 
experiments while the former were u.sed in all the other ex))eriments. 

Sites of imq)laniaiion of the pellets. The pellets were implanted under the skin 
in the inguinal region, in the right rectus abdominis muscle, in a fold of the 
mesentery (drainage to the liver) and in the right kidney. 

RT;st:LTs. The pellets of progesterone implanted subcutaneously and intra- 
raxiscularly produced very similar positive progestational responses (table 1). 
The material in the kidney, however, was .slightly le.ss effective than the pellets 
implanted subcutaneously or intramuscularh*. The effecti^'eness of the kidney 
implants is even less when calculated on the basis of per milligram of proges- 
terone absorbed. The honnone implanted in the me-senterj” (drainage to the 
liver) is inefiective even in the multiple c.xperiments in which an average of 
20.2 mgm. of progesterone was absorbed; or about seven times the amounts 
absorbed from the pellets implanted subcutancou.sly or intramuscularly. 

The rate of absolution of the proge.storonc varie.s with the site of implantation 
of the hormone. The kidney and mesentery have a much greater solvent effect 
on the hormone than the muscle and .subcutaneous tissue (table 1). 

’ Thi« invesligali'm was uick'd by u griiiit from the Committee on Endocrinology of the 
.N'ational Rcse-arcii (.'ouncil. 

■ The prrtge.-tero!ii* H.utoeylin) \vii< i»rovidcd by the Ciba Phjirm.'iceutical ProductB, Inc, 
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, TABLE 1 

The effect of various tissues on the activity of •progesterone 


SITE OF 
IMPLANTATION 

no. of rabbits 

ENBOMETRIAI.* 

REACTION 

PROGESTERONE 

ABSORBED 

RELATlVEt 

EFFICACY 

Subcutaneous 

0 

3.2-b (3+-4+) 

ingm. 

3.0 

1.1 

Muscle 

8 

3.2+ (3+-4+) 

2.6 

1.2 

Kidney 

6 

2.8+ (2+-3+) 

5.1 

0.5 

Mesentery 

6 

0 

4.7 

0.0 

Mesentery^: 

4 

0 

20.2 

0.0 


* Corner Allen scale. 

j Relative efficacy equals endometrial response divided by milligrams progesterone 
absorbed, 

J Duration of experiment 14 days with 4 pellets (25± mgm. each) implanted in each 
rabbit. ' , 

Discussion. The abilit}’’ of the liver to inactivate progesterone even when 
as much as 20.2 mgm. was absorbed designates this organ as an important site 
for the metabolism of progesterone. 

The much lower relative efficacy of the progesterone absorbed from the kidney 
implants suggests that this organ, too, may be effective in metabolising pro- 
gesterone. More precise evidence to establish this fact could be obtained if 
pellets of progesterone were implanted such that direct renal drainage would 
occur as in the case of the mesentery-liver relationship. Unfortunately, the 
kidney does not lend itself to such an experiment. 

The inactivation of progesterone by the liver and possibly the kidney provides 
an explanation for the greater responsiveness of the uterine endometrium to the 
direct application of this hoimone; only two per cent of the amount by sub- 
cutaneous injection is required (7). , 

, ' SUMMARY 

In order to determine the effect of various tissues on the activity of pro- 
gesterone, pellets of this compound were implanted in the mesentery (drainage 
to the liver), in the kidney, in the muscle and under the skin of adult, isolated 
female rabbits. The liver proved to be the chief site of inactivation of the 
hormone. The kidney also metabolised the compound) but to a much less 
degree. The pellets under the skin and in the muscle produced marked endo- 
metrial proliferation of approximately equal amount. 
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Constancy of the internal emnironment of an organism has been recognized 
as necessary for stable functioning, since Claude Bernard created the concept 
of the “milieu interieur,” Independence of the organism from the limitations of 
the extemal en\dronment exists only to the degree that the automatic physio- 
lo^cal processes are capable of maintaining constancy of factors in the interna) 
environment, such as oxj^gen tension, water, salts, sugar, hj’-drogen ion concen- 
tration and body temperature. The organism shows a remarkable capacity to 
prevent alterations and disturbances in these internal constants nathin the ordi- 
nary range of variations of the external emdronment, and is able to function 
normally. Vlien certain limits are e.\'cceded, an interruption of normal func- 
tion results. The demarcation of these limits is not sharp. The deterioration 
in function, prior to complete breakdo^vn, is gradual in onset, progressive and 
often in.sidious in nature. I'he central nerv'ous .system, particularly, is affected. 
These early stages of derangement, which are of the most interest to those con- 
cerned with the practical implications of lowered mental and physical efficiency, 
may be chai'acterized as a state of physiological imbalance. 

The precision of quantitative .studies concerning physiological imbalance is 
limited, in part, bj'' the relationship between the following factois: a, the sensi- 
tivity of the reaction being studied; b, the errors involved in making the mea.s- 
uremenls; and c, the temi)orary masking of the impairment by exerting additional 
effort. For example, the effects of oxygen depri\''ation were on'ginally believed 
to exist only at much higher altit udes than is now known to be true. This mis- 
conception existed either because the functions studied were re)ati\'ely stable 
during anoxda or becau.se the methods of measurement Lacked sufficient precision 
and enabled the .subject to conceal the impairment. 7’ests of certain visual 
functions, particularly light .scn.siti\’it 3 '-, largely avoid the.se difficultie.«. Change? 
of con.riderable magnitude arc manifested bj" the vi.sual mechani.«in, whdh'ii? 
oxidative proce.sscs are disturbed. 'J’hc phj'.sical mcasuremenis in\'ol\-ed in the.se 
vi.sual tests can be made verj^ accuratelj', in compaiison v.ath mea.'-iirements of 
other p.S3'cho-phj'?;iological functions. jMorcover, the control of such experi- 
ments is .simplified bx' the fact that the subject is not aware of changes in hi? 
oxra visual .sen.ritivity. lie does not know what changes in the phy.sical intcasity 
of the .stimulus are nec(?.s.=ai 3 ' in (u-der for him to see it, .since fit hi.s thtashold tho 
stirnulu-s ahvax'.s ha.s the .same appearance. 

* Tide research Isas been aided bi' a grant from the Lockheed Aircraft Corporation. 
Acknowledgment al-so is made to the Linde Air Products Company for the supplies of nitro- 
gen nnd oxygen used in tlie.=e cxperimenl.«. 
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Visual measurements dining anoxia, or other stresses, have significance in 
addition to their value as an index of phj’-siological imbalance. Their direct 
and practical application is ob\ious in the services and in industry, especially in 
aviation. Secondly, this information is .of value in relation to the physiology 
of vision. 

The effects of anoxia on idsion have been reviewed by McFarland, Evans and 
Halpeiin. A number of investigators have described marked changes in dark 
adaptation, or absolute thresholds, during oxygen deprivation. These measure- 
ments consist of deteimining the least intensity of light, visible against a totally 
dark background. This may be considered a special case of inten,sity discrimina- 
tion, in which one of the contrasted ^intensities is zero. No studies of the ef- 
fects, of anoxia on intensity discrimination as a function of light intensity have 
appeared in the literature.- The latter measurements involve the determination 
of light thresholds against backgrounds with various intensities of illumination. 
Since in most practical situations the background, against which an object is 
viewed, is not comi^letelj'- dark but is more or less illuminated, these measure- " 
ments ai’e more directly applicable to aviation. Furthermore, they were found 
in the pre.sent stud.y to provide a more convenient and reliable index of the ef- 
fects of anoxia. 

In the present investigation foveal intensity discrimination was studied as a 
function of light intensity and of the degree of anoxia produced by lowering the 
partial pressure of o.xygen, as described below. '' 

Methods. Loio Oxygm Apparatm. Chavihcr. The fii-st series of experi- 
ments was performed in a low-oxj’gen chamber (8x7x7 feet) designed by Barach. 
The oxj^gen tension was lowered by diluting the air vith nitrogen, and main- 
tained at the desired Ici'el by a continuous inflow of nitrogen compensating for 
the small amount of oxygen from the nasal catheter worn by the experimenter. 
Samples of the chamber air were obtained at the beginning and near the end of 
exposure to the reduced ox^'gen tension. The total atmospheric pressure was not 
altered. The temperature and humidity were maintained at a comfortable 
level by means of an air-conditioning unit. Fans Mtliin the chamber mixed 
the air thoroughly. 

Mask. In the second scries, experiments ivere performed at stages of oxygen 
deprivation which were progressively more severe. The ox3’'gen tension of the 
air in the chamber as a whole was not altered. Instead, various mixtures of 
oxygen and nitrogen were inhaled b^’’ the subject from a rubber mask^ which 
covered the mouth and' nose and fitted snugly against the face. Cylinders of 
the desired gas mixtures were prepared and their composition verified by analysis 

2 Crude measurements of the effects of 8 to 10 per cent oxygen on visual intensity dis- 
crimination were made by Schubert (Pfluger’s Arch. 231: 1, 1932) and by Gellhom (This 
Journal 116: 679, 1936), with the use of Masson discs. When these discs are rotated, a 
series of rings of different shades of gray are seen. The number of rings that can be seen is 
a measure of intensity discrimination. A considerable impairment of this function was 
reported. 

3 Made by the Foregger Co., Inc., New York City; catalogue no. 22-4, with special chim- 
ney for expiratory valve. 
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of ^samples. All the cylinders were connected to a common manifold, making it 
possible to change from one to another with ease and without letting the subject 
know the change had taken place. The gases entered a large rubber bag from 
which they passed to the mask through a flutter valve duiing inspiration; 
this vahm closed dining expiration, and the expired gases passed into the room 
through a second flutter valve attached to the mask. WTien desired, instead of 
the prepared gas mixture, the air in the chamber could be admitted to the mask. 

Analytical Methods. The gas samples were analyzed for ox3"gen and carbon 
dioxide with a standard Haldane apparatus. The blood samples were analyzed 
in duplicate for oxj'gen content and capacity by the microniethod of Roughton 
and Scholander. Heparinized blood samples were obtained anaerobically and 
ivithout stasis from the dorsal veins of the hand after “ai-terialization” bj' im- 
mersion of the hand and ivrist in water at a temperature of 45 to 47° C. for ten 
minutes (see Goldschmidt and Light). 

Vimal Ayparatvs. The api)aratus em])lo3nd for the visual measurement in 
the present stud3'' was a duplicate of the "discriminometer” described in detail 
by Crozier and Holway (1939). This instinment peimits the precise and inde- 
pendent control of the intensit3% the wave length comjjosition, the area, the retinal 
location, and the duration of exposure of three stimuli on cither one, or both, of 
the subject's retinas. 

A simplified schematic plan of the discriminometer and the optical 63'stem 
used in this experiment arc .shown in figure 1 A. The apparatus consists essen- 
tially of the following components: a, three sets of quadrilateral slit edges SI 
define the stimuli and peimit the independent adjustment of their length, width, 
and retinal location; h, the source S and the collimating systems Li and L* 
illuminate these apertures uniformh*; c, a second triple optical S3".stem produces 
enlarged images of these apertures, arranged or superimposed in an3’ desired 
pattern. The obsen-cr looks into the e3'epieces of an inclined binocular micro- 
scope head MH which, together with lenses Li and Lz, is focussed on the slit 
edges. 

The light source S is a .special wide-iibbon tungsten filament projection lamp, 
operated from 110 volt lines through a variac and transfonne}-.=. It is controlled 
for constant current with the aid of a Weston, model 155, ammeter. The in- 
tensit3>' of each of the three beams is controlled independent^' 1)3'' mcan.s of neutral 
tint Wratten filters /•’ and balanced wedges 11'. O'hc c.xposure time of any beam 
can be controlled by means of a camera .shutter C placed in its path. 

Calibration of the intensiti' of retinal illumination' produced by one of the 
Ijcams wfus performed by liinocular comparison with a Macbeth illuminomeler, 
provided with an accurately measured artificial pupil. The other beams were 
calibrated by monocular compari.son with the first. The filters and wedges were 
calibrated photometrically, 1)3' monocular compari.son in the discriminometer with 
a seiio.s of filters of known optical don.«it\-. 

* iT.fcnHitv of retinal illumin.'ition is cxprcs.=cd in photons {miliilamberts x — x pupil 

TT 

area in scjuare millimclers). All values are Riven in milHphotons in order to avoid nogatn'C 
logaritluns in exprep.sing verj' low intensities. 
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The subject was protected from stray light by means of a cubicle built about 
the head of the disciiminometer, and draped with heavy black velvet curtains. 
A fan provided ventilation within the cubicle. A Bausch and Lomb combination 
chin-rest and head-support was employed. 

Conditions of Operation. In the present study the thi’ee beams of the discrim- 
ifiometer were adjusted as follows: a. The slit edges limiting one beam were 
opaned fully, so that this beam filled the entire field seen in the ocular. This 
provided a uniformly illuminated background, circular in shape, subtending a 



Fig. 1. A. Schematic diagram of the visual discriminometer. See text for description. 
B. Appearance of stimulus between exposures of the test square. C. Appearance of 
stimulus during exposure of test square. 


\dsual angle of 40°, for the intensity di-sciimination measurements. It was 
also used as a light-adapting field preliminaiy to dark-adaptation determinations. 
The intensity of retinal illumination produced by this beam is referrred to as I. 
b. The second beam was adjusted to furnish a small fixation point near the 
center of the field. It was provided with a deep red filter (Wratten no. 70). 
The wedge controlling the intensity of the fixation point could be adjusted by the 
subject, who maintained it at a “just visible level” throughout the experiment. 
These two beams were visible continuously during intensity discrimination meas- 
urements, as shown in figure 1 B. During measurements of dark adaptation, 
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the beam illuminating the field was interrupted, so that only the fixation point 
was visible, c. The third beam was adjusted to furnish a 1 x 1° square test 
stimulus, located just below the fixation point, as sho\vn in figure 1C. Its ex- 
posure time was limited b^' a camera shutter adjusted to second. The intens- 
ity of retinal illumination produced by this test stimulus is denoted by Al, 
When .superimposed on the field of intensity /, this stimulus results in a total 
inten.sity of I H- AJ in the test area. 

All observations were made with the right eye; only the right ocular of the 
microscope head was used. The maximal diameter of the light beam at the eye 
ring of the ocular, less than 2 millimeters, was smaller than the natural pupil 
and thus ser\'ed as an artificial pupil. 

Experimental procedure. The procedure for dark-adaptation determina- 
tions was as follows. After preliminary exposure to a brightly illuminated field 
[logio {I, in milliphotons) = 8.072J for 3 minutes, thresholds were determined 
every I to 1 minute for approximately 15 minutes under the conditions described 
above. Ail threshold measurements were made in the ascending direction by 
flashing the test square at increasing intensities and at intervals of a few seconds 
until a positive response was obtained. Each complete determination required 
about 15 seconds. 

Intensity discrimination measurements were then made in the order of increas- 
ing field intensities (7). Before measurements were taken at each field intensity, 
the subject was adapted to the field for a period of 3 to 5 minutes. The intensity 
of the test square was increased in steps of aljout 0.03 logio units until its outlines 
were just \isiblc. At each field inten.sity ten measurements were obtained in 
3 to 5 minutes. 

Two types of experiments were performed: 

A, The effect of a constant low oxygen tension on differential and absolute visual 
thresholds. These experiments were performed in the low-oxygen chamber. A 
dark adaptation curve was determined, followed by measurements of the intensity 
discrimination thresholds at 5 or G field intensities in normal air (21 per cent 
oxygen). Nitrogen was then admitted to the sealed chamber at such a rate as 
to lower the oxygen content of the air to about 11 per cent in 25 minutes. After 
10 minutes of exposure to the reduced oxygen tension, the above procedure was 
repeated. The total duration of e.xposure to the low oxygen tension was about 
75 minutes. In order to determine the revensibility of the dianges produced b5’’ 
anoxia, the subject was then given a nasal catheter through which 103 per cent 
oxygen was delivered at a rate of 8 liters per minute. Immediately thereafter 
light adaptation to the bright field was repeated for 3 minutes. Dark-adaptation 
thresholds were determined 10 minutes later for a period of about 5 minutes. 
This v.'as followed by intensity discrimination measurements at a selected low 
field intensity. 

Control e.xperiments were performed in the same manner as outlined for the 
low-oxygen experiments. All details of the low-oxygen experiments were simu- 
lated precisely so that the subject would not be aware of any differences in pro- 
cedure. For example, a small amount of nitrogen was admitted to the chamber 
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in order to simulate the noises produced in the low-ox3rgen tests. However, the 
door of the chamber remained open and adequate ventilation was provided so 
that the oxygen content of the air was not altered. The subjects were not aware 
that these were control expeiiments. Some reported mild symptoms, suggestive 
of those which they experienced during the low-oxygen expeiiments. 

B. The relation between the severity of oxygen deprivation and the magnitude of 
its effect on differential brightness sensitivity. In these experiments the mask 
was used to administer gas mixtures containing the desired percentages of o.xygen. 
It was worn throughout each experiment. The subject was not aware of the 
time when he was first exposed to a low oxygen tension, or of anj" subsequent 
changes in the composition of his inspired air. The initial observations were 
made in nomial air (21 per cent oxygen) until constant measurements were ob- 
tained. They were preceded by adaptation to a bright field (logto I = 8.072) 
for 3 minutes, and dark adaptation for 10 minutes for the sake of uniformity. 
All differential threshold measurements were made at a very dim field intensKy 
(logio / == 2.3G0). Ten measurements were taken in about 3 minutes, and 
the subject was then allowed to alter his posture and rest for 2 minutes. Tliis 
was repeated eveiy 5 minutes. After several groups of measurements in normal 
air, similar deteiminations were made at each of five progressively more severe 
levels of oxygen deprivation. The duration of exposure to each level was 20 to 
SO minutes. “Arterialized” venous blood samples were obtained at each level. 
Finally, 100 per cent oxj'-gen was administered and similar measurements were 
taken during recover^L 

Results. The data obtained in the two types of experiments are presented 
below: 

A. The Effect of a Constant Lovj Oxygen Tension on Differential and Absolute 
Visual Thresholds. Obsen^ations were made by nine trained subjects who had 
no phj'sical or ocular abnormalities other than mild refractive errors. All were 
male students, ranging in age from IS to 26 years. From one to three experiments 
were made on each subject. In addition, a control ex^periment was carried out 
on each of four of these subjects. 

Low-oxygen experiments. Data for two groups of subjects (I and II) are pre- 
sented separately, because of differences in the light intensities eraplo^md. Es- 
sentially identical results were obtained for both groups. 

The logarithms of the differential thresholds (logio AZ) at each field intensity 
are presented in tables 1 and 2. Each datum represents a mean of 10 to 30 
mea.suiements, as indicated bj' the value of n. Group means arc also pre'^ented 
in these tables and are shown graphically’^ in figures 2 B and D. 

O.xygen deprivation causes a decrease in differential brightness sensitivity, as 
demonstrated by an increase in the logarithm of the differential threshold. 
This increase is greatest at the lowest field intensitie.s and becomes progresrivcly 
smaller as the field intensitj’ becomes brighter. At the highest field intenrity 
employed in the jirescnt study*, it is almost zero. The mean changes in the dif- 
ferential thresholds for each group arc shown in table 3. 

In order to demonstrate the reversibility of tiie effect^ of anoxia on differential 



334 


R. A. McFarland, sr. h. halpbrin and j. i. niven 


TABLE 1 

Intcnsily discrimination data for group I 
(See fig. 2) 


LOOJO A / (muxipdoions) 



I,OGjs 1 




Subject 




Group average 

H - 70 

COHuraOKS 

Mo 

r. = 20 

Hr 

n = 20 

Go 

n = 10 

Ws 

« = 20 



Mean 

a 

Mean 


Mean 

s 

Mean 

3 

Mean 

« 

Normal air (20.93% Os) 

tr.illi- 

pboions 

3.175 

3.583 


3.414 

11 

2.867 

III 

2.895 

■ 


0.037 


3.682 

3.758 







ml ' 

3.366 

0.034 


4.621 

4.248 

0.024 

4.136 



m'' 


ml! 

3.928 

0.033 


6.145 

5.837 

0.025 

5.378 


4.858 

H 1 s 

5.036 

ml! 

5.277 

0.036 


7.234 


0.036 

6.489 

■ 11 

5.941 

■ 1 

6.111 

ill 


0.037 

Low oxygen (mean % 

3.175 

3.895 

IjR s 

3.626 

HRI 

3.269 

S 1 ■ 


W 

3.469 

0.041 

Os = 10.81; mean % 

3. 682 

3.964 

^ ! 

3.747 


3.386 


3.174 

1 

5.588 

0.038 

COs = 0.31) 

4.621 

4.419 

^ ' 

4.214 


3.832 



IQ 1 

4.054 

0.041 


6.145 

5.969 

^ ' 

5.424 

1 


11 1 M 


IQ! 

5.343 

0.035 


7.234 

6.904 



E 

5.924 

B 

6.117 


6.362 

0.042 

100% 0, 

3.175 

3.563 


3.327 


2.932 

0.036 

2.824 


3.161 



TABLE 2 


Intensity discrimination data for group II 
(See fig. 2) 








tocto A I (intLiraOTOKS) 





co:a)moj;s 

WCn I 





Subject 





Group 

Ha 

« = 30 

A1 

H = 30 

rh 

71 =• 20 

Wi " 

71 = 20 

Ni 

fi = 20 

average 
n *=• 120 



Mean 

a 

Mean 


Mean 

g 

Mean 

a 

Mean 


Mean 

s 

Normal air 

tr.Ult- 

pkctnnz 

2.259 

3.327 

I 

2.718 

■ 

■ 


3.225 

0.042 


■ 

2.981 

0.041 

(20.93% Os) 

2.59S 

3.466 


2.714 

IQS 



3.312 

0.030 

2.531 

IQI 


0.029 

3.175 



2.858 


3.291 

0.034 

3.415 

0.036 

2.676 


3.151 

0.035 


4.621 

4.274 


3.706 

0.041 

3.859 



0.031 

3. 667 

1^ 

3.923 

0.036 


6.145 

5.653 


4.978 




5.518 

0.032 

4.912 


5,229 

0.031 


7.234 

6.721 


6.169 

0.032 

6.134 



0.023 

5.984 

B 


0.035 

Low oxygen 

2.259 

3. 654 

0.033 

2.9SG 

H 

3.527 


3. 581 

0.039 

2.685 

1 i 

3.237 

IQQ 

(mean% Oi 

2.59S 

3.7.37 

0.036 

2.925 

1^^ 



3.579 

mil 

2.715 

m| 

3.298 

mQQ 

= 10.80; 

3.175 

3.797 

K 

3.020 

1^^ 

3.603 

0.012 

3.015 

mt 

2.824 


3.374 


racan% COs 

4.621 

4.401 

,0.032 


1^^ 

iBUtWi 


4.235 

! 


Q 1 

3.994 


«= 0.35) 

6.145 

i5. 740 9.025 

.5.031 


5.179 


5.527 

ml 1 

4.971 


5.299 


7.234 

6.672 


6,208 

B 

6.100 


G.0S2 

2 

5.998 

0.030 

6.344 


100% Os 

2.593 

3.340 

0.032 

2 . 60 ojo.O}S 

3.184 


3.240 

0.029 

2.424 
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brightness sensitivity, oxygen was adnunistnred to the subjects at the end of 
each experiment. Measurements were repeated at a selected low field intensity 
at which anoxia had caused a marked elevation of the threshold. These jucas- 
urements were made about 20 minute.s after the administration of oxygen wa.s 
begun. At thi.s time, the thresholds were found to have dropped to their original 
values or even .slightly lower. 'The difi’erences between the final and original 



Fig. 2. The elTcct of oxygen deprivation on fovenl intensity dhscrimination. The 
curves arc theoretical, derived from Hecht’s equation (see text). In A and C, the data are 
plotted as the Weber fraction A/// ngain.'^t the intensity of illumination of the field. The 
theoretical curve was first fitted to the open circles and then translated horizonlalb' until 
it fitted the solid ones. In B and D, the .“amc data are plotted directly .ns the difi'crcntial 
threshold. The straight diagonal li.nc is the asymptote of the curves and has a slope of 1. 
The tbcorctic.ai curve was first fitted to the open circles and then transl.ated upv.-nrd and to 
the right along the asymptote until it fitted the solid ones. The points indicated liy the 
symbol X were obtained after rcco\'cry from ano-xia by inhaling o-xygen. (See tables I 
and 2.) 

E and F represent control c-vperiments in which reduction of oxygen tension w.as cirnu- 
latcd but did not actually occur. No pignific.ant chnngos occurred, {.See table 5.) 


value? of the tlnxr.bhold? were not .sgnilieanl fur grouj> I, but were sLati^iically 
reliable in group 11 (table 3), Other e.xperhncut--' have not .=^hu->vn an improve- 
ment of vipual ‘•■cuMtivsty on adminfstratinn yf o.xygen :if?er breathing normal air 
without inten'cning anoxia (control data). 

I'hc vanabil ity of mea^usement? fur .~ini.'Ic c'.'t'.erin'.ent.-' :? rep re.- enteJ b;.' 
V. "s/i'dYfn -- l)f the standard dcvi.atiou (i.e.. the square root of tla* varianfc). 
The measure of varialniilv uf combineii d.atft from .'^•veral exDerhne.nt.-: i- given 
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by -the square root of the pooled variance; the above formula becomes 
8 = V^[2rfi + ^dl • • ' + 2<i|]/[(nj — 1) + (riz — !)••••+(«* — 1)] for a series 
of k experiments, where Zd* is the sum of the squares of the deviations of the 
measurements from their mean in experiment k, and nk is the number of measure- . 
ments in that experiment (see Snedecor, p, 68), In the latter case s closely ap-. 
proximates a mean standard deviation. 

The use of s, which is a measure of the average variability of the means for the 
indi\'idual experiments, is preferable to the standard deviation of the mean for 
the combined data. The latter would give a measure of the scatter of the means 


TABLE 3 

Sialislical analysis of changes in visual thresholds in low-oxygen experiments 


MGjoI 

CEOUP I 

CROUP n 

Jlcan 

cfianse 

Standard 

deviation 

Standard 

error 

Criticai 

ratio 

P* 

Mean 

change 

Standard 

deviation 

Standard 

error 

Critical 

ratio 

P* 

Low ox 3 'gen compared with normal air 

vsilli- 

pkotons 

logit nfsils 

losit 

tinils 

login 

units 



logit units 

- logit 
units 

logjo 

ttniis 



2.259 






0.308 

0.046 

0.020 

15.00 

<0.01 

2.598 






0,250 

0.052 

0.023 

10.73 

<0.01 

3.175 

0.280 

0.097 

0.049 

5.76 

<0.01 

0.223 

0.073 

0.033 

6.82 

<0.01 

3.G82 

0.201 

0.111 

0.055 

3.63 

0.04 






4.G21 

0.120 

0.094 

0.047 

2.69 

O.OS 

0.071 

0.0S5 

0.038 

1.87 

0.14 

G.145 

O.OGG 

0.044 

0.022 

2.97 

0.06 

0,061 

0.034 

0.015 

3.99 

0.02 

7.2-34 

0.003 

0.014 

0.007 

0.41 

0.71 

0.008 

0.034 

0.015 

0.39 

0.72 



100% oxygen compared with low 

oxygen 




2.598 

3.175 

-0.308 

0.034 

0.017 

-17.91 

<0.01 

-0.326 

0.050 

0.022 

■ 

-14.63 

<0.01 


100% oxygen compared with normal air 


2.59S 


: 1 

j 

1 

1 

o 

o 

0.035 

0.016 1 

-4.87 

<0.01 

3.175 1 

-0.028i 

O.OGS 1 0,0.34 1 -0.82; 

o.m 







* P is the probability that a change greater than zero might be due to chance. 


from different experiments due to such factors as changes in criteria, day-to- 
day variations in threshold sensitivity, and individual differences. Since these 
factors arc controlled in any one experiment, they are extraneous in relation to 
the change caused bj’’ anoxia in a given experiment, or the average of such changes. 

The standard deviations (•<?) of logio as computed above, are of the same 
order of magnitude at all inlearities and show no consistent relationship to in- 
tearity,' Thus, on an arithmetic scale, the variability i.s at all times appro.xi- 
matcly proportional to the tlireshold, as ha.s been pointed out by Crozier and 
Holway (1037). 

All hough the %-ahir- of .*;• in faldu- 1 and 2 .«how a tendency for the variability of 
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the logaritlim of the threshold (i.e., the percentage variability of the thres- 
hold itself) to increase during oxygen deprivation, the changes are small and 
inconsistent. 3’he statistical reliabilit 3 ’’ of these changes in variability was com- 
puted according to the method given by Garrett (p, 223) for each group at each 
intensity. Except for the measurements at logio / = 2,598 for group II, none 
of the changes was significant, the critical ratios ranging from —1.62 to -|-1.71. 
Furthermore, the difference between the pooled s for all the subjects at all 
intensities in normal air (0.035), as compared with low ox^’^gen (0.037), was only 
0.002 logio units, vith a critical ratio of 1.82, indicating a lack of statistical 
reliability. 

An increase in variabilit 3 ' during o.xygen deprivation has been found in a num- 
ber of psychological and psycho-physiological tests, such as simple reaction time, 
choice reaction, pursuit meter, code test, memoiy test, and digit symbol test 
(McFarland). Presumably this reflects an increase in the biological variability 
of the organism. The lack of a significant increase in threshold variability in the 
present e.xperiments is consistent with Ilecht, Shlaer and Pirenne’s assertions that 
“At the threshold where only a few quanta of energ}'^ are involved, it is the 
stimulus which is variable, and the very nature of this physical variability deter- 
mines the variation encountered between response and stimulus. Moreover, 
even when biological vaiiation is introduced, it is the physical variation which 
essentially dominates the relationship.” Obviously the exposure of a subject 
to low oxygen tension cannot affect the physical variability of the light stimulus. 

The statistical reliability of the changes in the differential thresholds was de- 
termined by Fisher’s method for the significance of a unique sample.'’ The re- 
sults of the statistical analysis, shown in table 3, are closely similar for the two 
groups of subjects. At the lowest field intensities, the changes have a very high 
statistical significance as indicated by the high critical ratios and the extremely 
low values of P. The statistical significance of the mean changes decreases, on 
the whole, as the field intensity becomes greater. At the highest intensity, the 
change in logio A/ is not .significant statistically for either group. The decrease 
in the differential threshold during recover with 100 per cent oxygen is highly 
reliable for both groups. 

The mean results for each group of subjects are shown graphically in figure 
2 A-D. Each set of data is represented: a, in terms of the traditional Weber 
fraction A///, and 5, directly as the differential threshold AZ. In everj’' case, 
the curves which were fitted to the points are those derived from liccht’s equa- 
tion (see Discussion), based on the photochemical hypothesis. The agreement 

*■ The standard devia tion of the c hange at each intensity, for each group of subjects, was 
first obtained by s = ■\/'2d?/{n — 1), where d is the deviation of each change from the mean 
for the group, and n is the number of individuals comprising the group. The standard 
error of the mean change was then computed according to the formula Sr^ — sy/ n. The 
critical ratio I is the ratio of the mean change to its standard error. The higher this ratio, 
the greater is the statistical reliability of the change. The corresponding value of P ob- 
tained from a “table of t" (Fisher, p. 167) denotes the probability that the change might 
be due to chance. Changes having a P of 0.05 or less are'usually considered to be statisti- 
cally significant, and values of 0.01 or less are considered to be highly significant. 
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of our obsen'ations with that equation is shown by the close fit of the curves to 
the data. The 'points representing the meaairements at the highest field in- 
tensity fall above the theoretical curves. This may be due to a decrease in the 
critical duration to a value shorter than the .stimulus exposure time at that in- 
tensity. Graham and Kemp, as well as Keller, have shown that as light inten- 
sity increases, the critical duration decreases. When the latter becomes shorter 
than the stimulus cxpo.sure time, not all of the stimulus is effective. Hence a 
greater stimulus intensity is needed and the points in the graph are elei’-ated. 
In the study of Hecht, Pe.skin and Patt, the exposure time employed (0.04 sec.) 
was so short that it never exceeded the critical duration, and there was no rise 
in AJ/J at the highest intensities. 

The /ona of the relationship between either logio A///, or logic A/, and logic I 
is not altered b}’ oxygen depn'vation; onl}^ its posiiion on the co-ordinate ax'es 
is affected. When the data are plotted in terms of A/// (fig, 2 A and C), 
a translation takes place onl}- on the horizontal (/) axis; there is no vertical 
translation. The low-oxygen cuiwes in these figuras were drawn by shifting the 
normal-air cuiwes to the right. Thus, the minimum value reached by M/I at 
the liighest inten.sitj’- is not altered. When the data are i>lotted in terms of 
A/ (fig. 2 B and D), the curves are trarrslated on both axes. The magnitude of 
the .sliift vith respect to each axis is equal to that of the Al/I curve on the hori- 
zontal axis. The result is a translation of the AJ curve upward and to the right 
at an angle of 45°, along its as^-mptote (diagonal straight line in fig. 2 B and D), 
which has a slope of 1, 

The magnitude of the shift of a curve expresses in a single number the magni- 
tude of the effect of anoxia on foveal intensity disciimination. Thus, it is a more 
convenient measure than the change in differential threshold, which is a function 
of the field intensity. The data for each subject were plotted in a manner similar 
to figure 2 A and C, and the amount of translation of each curve during ano.xia 
was detennined gj-aphically. These results are given in table 4. The statistical 
significance of the mean shift for the entire gi'oup of nine subjects is very high, 
with a critical ratio of 11.83. 

Dark-adaptation curves were deteimined in order to compare the effect of 
anoxia on this fimction vith that on \’isual intensity discrimination as expressed 
by the shift of the curve. Representative data, obtained during a single experi- 
mental se.«.=ion, arc shown in figure 3 A. The absence of a discontinuity in the 
slope of the curve is interpreted as indicating that only cone vision is represented. 
This tjye of cuiwe is obtained ly the u.se of a .small te.st object, foveally fixated. 
If measurements under Ihe'^e conditions arc made over a longer time, a second 
dip of much .'^mailer magnitude, indicative of .some rod activity, may appear be- 
tween the fifteenth and the twentieth minutes in the dark. 

The upward translation of the dark-adaptation cuia'c on the intensity a>ds 
during o.xygcn deprivation (fig. 3 A) indicate.s a decrease in light sensitivity. 
This imp'aiimcnt wa.^^ revensed by admini.=tration of o.xygcn. Since a number of 
.studie.s dealing with the effects of anoxia on dark adaptation have already been 
published, only the magnitude of the changes duo to anoxia wll be presented 
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here. These were determined for each experiment in the following manner. 
The mean value of the absolute threshold (logio Alo) during the tenth to fifteenth. 

TABLE 4 

A comparison between the effect of anoxia on inlensily discrimination and on dark adaptation 


SUBJECT 

snrrx of intensity 

DISCKIMINATION CURVE 

SHIFT OF DARK-ADAPTATION 

cur\t: 

Mo 

logic units 

0.52 

logic units 

0.32 

Hr 

0.31 

0.41 

Go 

0.50 

0.53 

0.28 

Ws 

0.30 

Ha 

0.35 

0.36 

0.32 

A1 

0.32 

Ph 

0.32 

0.29 

Wi 

0.31 

0.32 

Ni 

0.27 

0.36 


Mean 

0.356 

0.354 

Standard deviation 

0.090 

0.077 

Standard error 

0.030 

0.026 

Critical ratio 

11.83 

13.62 

P* 

<0.01 ' 

<0.01 



* P is the probability that a change greater than zero might be due to chance. 




TIME (MIHUTES) 

Fig. 3. A. The effect of anoxia on foveal dark adaptation. The thresholds A/o are 
plotted against time in the dark, after exposure for 3 minutes to an intensity of 118,000 
photons. Anoxia causes a rise in the thresholds, reversible by oxygen. B. Control data, 
from an experiment in which the decrease in oxygen tension was, simulated but was not 
actually brought about. All the points are fitted by a single curve. 

minutes in the dark was determined graphically for each curve. The levels 
reached in normal air and in 100 per cent oxygen were averaged. The difference 
between this mean and the absolute threshold in low oxygen was then calculated. - 
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Table 4 indicates the mean change for each subject. The stati.stical significance 
of the average of those changes for each group of .subjects was computed by- 
Fisher’s n:cthod outlined above. It was found to be very high, the critical ratio 
being 13.62. 

In general, the increase in the absolute threshold is .slightly greater than the 
increase in the dilTerential thre.shold, even at the lowest field intensity employed. 
The mean .shift of the dark-adaptation curves (0.354 login unit) was, however, 
practically identical with the mean shift of the intensity di.scrimination curves 
(0.350 login units). The statistical significance of the difference between these 

TABLE 5 

Intensity discrimination data for control group 
(See fig. 2) 

tOGlO A I (MILLIPnOTO.SS) 

Subject ] 


coxomoxs 

LOOUJ 1 

Ha 

n = 10 

A1 

« = 10 

Wi 

tl - 10 

Ph 

« = 10 

Group average 
n = 40 



Moan 

8 

Mean 

S 

Mean 

» 

Mean 

8 

Mean 

8 


mini- 

pt.olons 











Normal air 

2.259 


0.048 



2.822 

mm 

2.613 


2.699 

0.038 


2.598 

2.711 


2.659 


2.932 


2.643 

Hnc 


0.035 


.3.175 

2.750 


2.759 



ms 

2.713 


2.817 

0.028 


4.621 

3.717 



0.0.33 

3.816 


3.792 

Qn ' ! 

3.741 

0.039 


6.145 

0.112 


4.975 



MlS* 


Qn' 


0.040 


7.234 

6.122 

0.046 

.5.984* 


6.243 

0.020 


Qj 

6.103 

0.034 

Normal air 

2.259 

2.664 

O.OII 

2., 532 

0.035 

2.859 

0.039 

2.647 

j 

2.675 

0.039 

control 

2. 598 

2.GG9 

0.038 

2.527 

0.045 

2.931 

0.052 

2.665 

Qy' ' 

2.693 

0.048 


3.175 

2.741 

0.024 

2.591 

0.02-3 

3.052 

0.023 

2.750 

Qy ' ' 

2.787 

0.023 


4.621 

3.741 

0.035 

3.629 

0.030 

3.927 

0.037 

3. 780 

Qy ! 1 

3.769 

0.033 


G. 145 

5.0S7 

0.011 

4.865 

0.037 

5.. 323 

0.025 

5.100 

Qy '' 

5.035 

0.033 


7.204 

6.148 

0.026 

5.981* 

0.037 

6.312 

0.024 

6.129 

Q| 

6.143 

0.029 

100% 0. 

2.59S 

2.GG9 

0.025 

2.581 

0.012 

3.018 

0.023 

2.623 


2.7.30 

0.031 


* Extrapolated graphically. 


means was negligible, the critical ratio being 0.03, and the corresponding value of 
3’, 0.96. This relationship is discus.=cd more fully below (cf. p. 345). 

Control experiments. These tverc made to determine whether factors other 
than tlic change in oxygen tension might be rc.spon-sible for the above effects. 
The dilTerential threshokh- of four .subjects arc given in tabic 5. 

Xo conri.stent or appreciable clianges in the.-e thrc.shoIds or in their variability 
were observed during tlio pretended exposure to low o.xygen tensions (“control”), 
or during mb.'^equent administration of oxygen. It is evident in figure 2 E and F 
that ail the data are fitted by a single curve, Furthennorc, stati.sticai analysis 
of tfie changes in logic A/ during tlie control experiments (table 0) revealed that 
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none of these changes are significant. The results of the dark-adaptation meas- 
urements similarly showed no change to have occurred. Representative dark- 
adaptation data are presented in figure 3 B. 

B. The Relation Between the Severity of Oxygen Deprivation and the Magnitude 
of its Effect on Differential Brightness Sensitivity. The second part of this in- 
vestigation was designed to study the magnitude of changes in differential sensi- 
tivity as a function of oxygen tension. This problem was investigated by meas- 
uring the differential threshold at a selected low intensity of illumination 
because the effect of anoxia is greatest under this condition of light intensity. 

Measurements of logic A7 were^made at a field intensity of about 230 milli- 
photons (logic I = 2.360). This is equivalent to a luminous intensity of about 

TABLE 6 


Statistical analysis of changes in visual thresholds in control experiments 


lOClB / 

IfEAIJ CHANGE 

STANDABD 

DEVIATION 

STAND \3U) 
ERROR 

CRITICAL 

RATIO 

P* 


“Control” compared with normal 

air 


millipliotons 

logit units 

logit units 

logit units 



2.259 

-0.023 

0.082 

0.041 

-0.57 

0.61 

2.598 

-0.038 

0.068 

0.034 

-1.12 

0.35 

3.175 

-0.030 

0.092 

0.046 

-0.65 

0.56 

4.621 

-b0.02S 

0.058 

0.029 

+0.97 

0.40 

6.145 

+0.005 

0.091 

0.046 

+0.11 

0.92 

7.234 

+0.040 ' 

0.034 

0.017 

+2.35 

0.10 

/ ^ 

100% oxygen compared with “control” 

2.598 

+0.032 

0.069 

0.034 

+0.94 

0,42 

100% oxygen compared with normal air 

2.598 

-0.006 

0.085 

0.042 

-0.14 

0.90 


* P is the probability that a change greater than zero might be due to chance. 


0.002 foot candles viewed through the natural fully dilated pupil'. Observations 
were made while breathing normal air and during administration of a series of 
five O 2 -N 2 mixtures with a progressively decreasing oxygen concentration. The 
detailed results for one subject are given in figure 4. Each point represents the 
mean of ten observations. The distance from the center of each point to the 
ends of the vertical lines is equal to the standard deviation of logic A/, thus 
representing dbs. The standard errors are about one-third as great (s„ = 
s/-\/ld)» During a control experiment (fig. 4 A) the threshold remained at the 
same level for two hours. The low-oxygen experiment is represented by figure 
4 B. The differences between the levels reached at each altitude and the 
initial levels of logic A/, determined graphically, are plotted against the 
equivalent altitudes in figure 5 A, for two subjects. (The altitudes, which are 
equivalent to the various oxygen percentages, are according to data for the U. S. 
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standard atmosphere at a constant temperature of 15°C,) The cur\'-e 3 have a 
sigmoid shape. The initial portion of each curve is similar to the parabolic 
curve given by McFarland and Evans in reporting dark-adaptation studies at 



t 







Subject V/a 

V V 

^ ^ 


' c * 

1 Limi 




’i 

1... 





Fig. 4. The effect of progressive degrees of oxygen deprivation on fovoal differential 
thresholds, at a constant field intensity. Each point represents the mean of ten observa- 
tions. The distance from the center of each point to each end of the vertical line through 
it represents the standard deviation. In A the oxygen tension was not altered. 



Pig. 5. A. The relation between simulated altitude and the resultant rise in visual 
thresholds. B. The relation between the decrease in blood oxygen saturation, as a result 
of the simulated altitude (see fig. G), and the associated rise in visual thresholds. 

Fig. 6. Blood oxygen saturation in relation to simulated altitude. Open circles rep- ' 
resent data for subject Wa and solid circles for subject Be. 

simulated iiliitudcs of up to 16,000 feet and to that given by Wald, Harper, 

G oodman aud Kriegor. The curvature of the first portion of each graph is closely 
similar to that of the graphs representing the “arterialized” venous oxygen 
saturation (fig. 6), if the latter are inverted. When the rise in threshold is 
plotted in relation to loss of oxygen saturation, therefore, the initial portion of 
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each curve shows an almost linear relationship (fig, 5 B). At lower oxygen 
tensions, the curve tends to become more horizontal. 

Discussion. A variety of mathematical descriptions of the relationship be- 
tween differential sensitivity and light intensity have been proposed. None of 
these may be considered unique, since more than one such proposed description 
provides satisfactorj’' agreement with the same sets of experimental observations. 
Furthermore, the fact that a given theoretical equation fits a set of observations 
does not constitute proof that the underlying theoiy is the correct one. Such a 
fit merely indicates the possibility that the theory may offer the correct explana- 
tion of the underl 3 ang mechanism. Nevertheless, such theoretical equations 
and curves are useful in describing the expex’imentally detennined relationships. 

The intensity discrimination measurements made in the present stud}'- have 
been fitted with curves derived from an equation proposed by Plecht in 1934. 
Several studies have shown that this equation provides a veiy close fit to experi- 
mental measurements of the intensity discrimination function for the human eye 
(Steinhardt; Hecht, Peskin and Patt; Graham and Kemp). This equation is 
based essentially on the following supposition. In order to discriminate between 
an intensity I and another just perceptibl}'^ brighter intensity I -p A/, the added 
intensity AJ must be of such magnitude as to produce a constant increment in 
the photochemical decomposition in a given time. When the exposure to AZ is 
constant, this is equivalent to saving that a constant initial photochemical 
change must be produced by AZ, in order that its addition to Z will be just per- 
ceptibly recognized. When this hypothesis is applied to the equilibrium (or 
“stationaiy state”) equation for the kinetics of the decomposition and regenera- 
tion of a photosensitive substance, several equations may be derived depending 
on the orders of the, chemical reactions. The one which describes the data for 
human cone vision, and which was used to fit the present data, is: 

T = ^[l + (^J O'- + 

Hecht has pointed out that when these equations are plotted on a double 

logarithmic grid ^i.e.,logio^ against logioZ^, the fonn of the resulting curve is 

independent of the values of C and K. These constants merely define the posi- 
tion of the curve on the co-ordinate axes. Therefore, the theoretical curves may 
be plotted using arbitrary values of C and K, and then be superimposed direct^ 
on a dohble logarithmic plot of the expeiimental data. 

The curve dra-w’n in figure 7 A corresponds to the first fonn of the equation 
given above. As logio Z decreases, the cur\'-e approaches an asymptote which 
has a slope of —1. As the light intensity increases indefinitely, the curve ap- 
proaches another asymptote, which is horizontal. The point of intersection of 
these asymptotes ma}’^ be used to define the position of the curve as a whole. 

The location of this point is at logio Z = —logic K and logic ^ = logic C. 
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Thus C rejD'Csenls the limiting value of y at high intensities and determines the 

position of the curve on the axis of ordinates. Similarly, the value of K deter- 
mines the position of the curve on the axis of abscissas. 

The data in figure 2 A and C indicate that oxygen deprivation results in a 


translation of the logic y vs. logic I curve to the right. Consequent!}'-, 


the 


constant K becomes smaller. Since this translation has no vertical component, 
the magnitude of the constant C remains unchanged. Thus the minimum value 




Fig. 7, Analysis of the theoretical curves, based on Hecht’s equation, 
of y at high light intensities is not affected by anoxia. As the intensity de- 
creases and the slope of the curve becomes greater, the change^ in logic y be- 
comes larger. The translation of this cur\'-e on the intensity axis during anoxia 
is similar, in direction and magnitude, to that of the curves relating visual acuity 
(McFarland and Halperin), or latency of after-images (McFarland, Hurvich and 
Halperin) to intensity. In all these cases, the effect of anoxia is comparable to 
placing an optical filter before the subject’s eye, thus necessitating a greater light 
intensity to produce a given visual response. 

The curve dravm in figure 7 B corresponds to the second form of the equation 
given above. As logic / decreases, the curve approaches a horizontal asymptote. 
As logic I increases indefinite!}’-, the cun'-e approaches another asymptote which 
has a .slope of +1. The point of intersection of these asymptotes may likewise 
be used t-o define the position of the curve. This point is located at logic I = 
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— logio K, and logio Af = logic C/if. As shown in figure 7 B, the value of C 
detennines (he position of the diagonal asymptote. The value of C/K deter- 
mines the position of the curve on the ordinate and that of K its position on 
the abscissa. A given change in logic K produces an equal change in logn C/K 
(or logic C — logic K). Therefore, a decrease in K causes an equal displacement 
of the cur\'e to the right and upward along the diagonal asymptote. 

The points in figure 2 B and D were fitted with this theoretical curve in the 
following rranner. First, the curve was superimposed and drawn on the points 
obtained in normal air; the diagonal asymptote was also drawn. The curve 
was then translated upward and to the right along the asj'mptote until it coin- 
cided with the low-o.wgen data. The magnitude of this translation was such 
that beth il.s hcrizcntal and vertical components were equal to the amount 
of shift of the curves in figure 2 A and C cn the horizontal axis. It is evident 
that this change is equivalent to a decrease in the value of the constant K. 
When the data are plotted in this manner, it is obvious that anoxia causes an in- 
crease in the diFerential threshold which is greatest at the lowest field intensit 3 ’-, 
and bcccrres progressively .smaller as the field intcn.sitj’’ is increased. For a given 
value of logic /, the change in logic A/ is, of course, identical \vith the change in 
logic A/// (= logic A/ — logic /). ^ 

The erect of ano.\'ia on the several \dsual functions which have been studied 
thus far ma^^ be described as a translation of the curve along that axis which has 
the dimension of light intensity. Thus, in the case of the curves for visual 
a.cuitj’’ vs. logic /, or of latent period of after-images vs. logic /, there is a transla- 
tion to the right on the intensity axis. In the case of dark-adaptation curves, 
where the 1 href holds (logic A/o) are plotted against time in the dark, the curve 
is trans’ated upward cn the axis of threshold intensities. When the intensit}’- 
discrimination function is plotted as logic A/// vs. logic 7, only the latter variable 
has the dimen.sion of intensity; A7/7 is a ratio with no dimensions. Thus, the 
cuiwe is displaced only to the right, on the logic 7 axis. However, when logic A7 
is plotted against logic 7, both variables have 'the dimensions of intensity. 
Accordingly, the curve shifts equally on both axes. 

The absolute threshold (A7o) for the dark-adapted eye may be considered as 
the limiting value of the differential threshold, when the field intensity is zero. 
The change in the absolute threshold during anoxia should, therefore, be explain- 
able in terms of the ti’anslation of the intensity discrimination curve. This rela- 
tionship may be described in the following wa 3 ^ As logic 7 decreases, the slope 
of the AT/I curvm (fig. 2 A and B) approaches an absolute value of 1. At a ver^'' 
low field intensity, therefore, the change in logic A7/7 due to anoxia (as measured 
on the ordinate) approaches in magnitude the amount of horizontal displacement 
of the curve. For a given value of logic 7 the change in logic AT/I is equal to 
the change in logic AT. Therefore, the change in logic AT at an infinitely low 
field intensity (i.e., the change in the absolute threshold logic A7o) should be 
equal to the horizontal displacement of the intensity discrimination curve, both 
being expressed in logic units. The data in table 4,.wliich show that the mean 
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upward translation-of the darlc-adaptation curve is er^ual to the mean shift of 
the intensity discrimination curve, bear oat this expectation. 

"ViTien a subject is exposed to a phy.siologica! .stimulus such as oxygen depriva- 
tion, measurements of visual sensitivity plotted in relation to time (as in fig. 4) 
may be used to indicate the magnitude, and rate of alterations, of the induced 
changes. Although dark-adapted (or absolute) thresholds may be employed for 
this purpose, there are several reasons why the difTerential threshold at a very low 
field intensity offers advantages; a. The absolute threshold tends to keep 
diminishing even after comparatively long periods in the dark. This interferes 
with the interpretation of changes caused by the e.xperimental conditions. On ^ 
the other hand, a dimly illuminated field maintains the eye at a constant state 
of adaptation after the first few minutes of exposure. Control eeperiments 
showed no appreciable change during periods of over two hours, b. Less time 
is necessar3f to reach a stable state at the beginning of the e.xpeidment than in the 
case of absolute thresholds, c. The subject has less difficult/ in jSxating, when 
he .sees a circular field as compared vdth total darkness, d. Entoptic phenom- 
ena are less disturbing, e. The results have more direct practical ajjplication 
to aviation since even night vision generally involves a background with very 
dim illumination rather than total darkness. 

Changes in differential brightness sensitivit}'' are significant not only as a 
measure of this specific function during exposure to a given physiological stimulus. 

In addition, they imply similar changes in other visual functions under the same 
conditions. The close relationship which exists between visual acuity, for ex- 
ample, and intensity discrimination has been noted repeatedly. Bartley points 
out that visual acuity is a special case of intenifity discrimination in which the 
spatial relationships of an object are emphasized. This is due to the fact that 
under most circumstances objects can be seen against a given background only 
when there is a disciirainable difference between the brightness of illumination of 
the object and that of its background. Hecht and Mintz, as well as Shlaei’, 
Smith and Chase, have shown that the same mathematical relationship exists ' 
between AI/I and I as between the minimum resolvable angle -(a) and /. When 
the experimental data for both these functions are plotted on a double logarithmic 
giid, they can be fitted by the same theoretical curve as used in the pressnt study. 
Furthermore, Hecht and Mintz have computed, in terms of diffract' on optics, 
the distribution of light in the retinal image of the finest line which was visible 
against a bright background. They found that the light falling on one row of 
cones differed in intensity from that incident on the adjacent rows by about 1 
per cent. This value is approximately the same as that obtained by direct 
measurements of the differential threshold at similar light intensities. This 
finding is consistent with the view that differential sensitivity is the limiting factor 
for visual acuity in tins case. Therefore, when this test object is used, the relar 
tion between AI/I and a, as I is varied, is one of simple proportionality. With 
other test objects, this relationship is more complicated. 

Direct measurements of fovea! visual acuity during anoxia have been made by 
McFarland and Halperin. During oxygen deprivation, as well as under normal 
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atmosplieiic conditions, the relation between visual acuity and intensity of 
illumination %vas in agreement with Hecht’s equation. The effect of anoxia was 
a translation of the curve to the right on the log I axis just as in the case of 
A// 1. Moreover, the average amount of tliis change was approximately the same 
as in the case of intensity discrimination for comparable degrees of anoxia. The 
similarity between the effect of anoxia on visual acuity and on intensity discrim- 
ination is lurther evidence that the two functions are related and suggests that 
they undergo parallel changes in the presence of other physiological stimuli, 
such as carbon monoxide or variations in blood sugar concentration. 

In a limited sense changes in visual sensitivity may be considered an index of 
physiological imbalance of the organism as a whole. Such data, however, cannot 
be used to compare the effects of such stimuli as anoxia on one individual with 
those on another. There seems to be no correlation between the magnitude of 
tlneshold change and the severity of subjective symptoms for different subjects 
at any given oxygen tension. Nor is the change in visual sensitivity directly 
proportional to the degree of irapainnent of the organism as a whole. At 
simulated altitudes above about 16,000 feet, subjective complaints become 
rapidly accentuated Mth further ascent. The increase in threshold, on the other 
hand, rises less rapidly in this range of altitude than at lower ones (fig. 6). There- 
fore it cannot be assumed that if one physiological stimulus causes twice as great 
a change in threshold as is caused by another stimulus, then the organism as a 
whole suffers twee as severely. The relationsliip between the change in thresh- 
old and the general effect on the organism may be stated as follows: The change 
in threshold [A (A/)] is a function of the magnitude of the physiological stimulus, 
such as oxygen tension (PO 2 ). The general effect on the organism {E) is also 
a function of the stimulus. Therefore, the general effect is a function of the 
threshold change. Stated in other symbols, A(AZ) = /i (pOo); E — fi (PO 2 ); 

E = (^[A(A/)]. The function 0 is probably not a linear one. No studies have 
been reported in wliich the effect of ano.xia on any other psychological or physio- 
logical function was compared \vith the change in the visual threshold under the 
same conditions. Such studies would be necessary in order to determine the 
nature of the function 

The usefulness of measurements of this type may be illustrated in the following 
manner. In testing the efficacy of a given drug for counteracting the effects of 
anoxia, the changes in threshold may be measured during e.xposure to anoxia 
before and after administration of this substance. If the rise in threshold is 
reduced by one half after the drug is given, one cannot conclude that one half 
of the general effect on the organism has been counteracted. Unless the effect 
of the drug on vision is a specific one, the following conclusion might be drawn. 
The drug has reduced the effect of the oxygen tension employed and made it 
equivalent to an oxygen tension at which half the threshold rise ordinarily 
occurs. In order to determine tliis “effective altitude,” one must refer to curves 
such as in figure 6, which must be determined separately for each subject. In 
experiments to be reported in subsequent papers of this series, visual thresholds 
were employed as an index in this way. 
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SUMMARY 

1 . The differential sensiti\nty of the human fovea was studied in relation to 
light intensity under a normal oxygen tension and during a constant degree of 
oxygen deprivation (10.8 per cent oxygen) in a low oxygen chamber, . Final 
measurements were made while the subjects breathed lOD per cent oxygen through 
a nasal catheter. Nine subjects were u.sed in these experiments. 

2. The data are presented in two ways: a, as the differential threshold M 
plotted against the intcmsity 7, and h, as the ratio A/// plotted against intensity. 
Both plots, on a double logarithmic grid, are fitted with theoretical curves derived 
from Hecht’s equation. 

3. The reduced oxygen tension resulted in a translation of the log A7 vs. log 7 
curve to the right and upwards along a 45° asymptote. As the illumination 
increased anoxia caused progressively smaller change.s in the threshold. 

4. The effect on the log A7/7 vs. log 7 curve is a simple translation to the right. 
This means that to reach any given level of A7/7 during a given degree of anoxia, 
the intensity 7 must be multiplied by a constant factor, 

5. The mean magnitude of the shift during e.xposure to 10.8 per cent oxygen 
was 0.356 logio units. This is comparable to results obtained with other visual 
functions during equivalent degrees of oxygen deprivation. 

6. The manner in which the effect of anoxia on differential thresholds varies 
with the degree of oxj’-gen deprivation was studied on two subjects. The changes 
in adsual sensitivity are plotted in relation to a, time; b, decrease in arterial o.xy- 
gen saturation, and c, equivalent altitude, corresponding to the oxygen tension. 

7. The increase of the differential threshold is initially proportional to the 
loss of arterial oxygen saturation but then tends to level off so that smaller in- 
creases result from further losses. The changes in the differential threshold 
plotted against equivalent altitudes are described by a sigmoid curve. 

, 8. Changes in xnsual sen.sitix'it}'’ are discussed as an index of physiological im- 
balance in the organism. 
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The published etddence on fatigue of the central inhibitory process is scanty 
and contradictory. In 1912 Forbes presented data, obtained from studies of 
inhibition of the crossed extensor reflex in the decerebrate cat, which he inter- 
preted as indicating fatigue of an inhibitory reflex. But Bayliss’ work (1893, 
p. 314; see also 1924, p, 423) on the depressor reflex in the rabbit suggests that 
the inhibitory process does not fatigue. Bayliss stimulated the central end of 
the depressor nerve in the rabbit for seventeen minutes; the blood pressure fell 
to approximately one-half its normal level, remained at the low level through- 
out the entire period of stimulation, and returned to its original level upon 
cessation of the stimulation. This observation has been verified by Dempsey 
(1940) and in our present ex-periments, Dempsey stimulated the depressor 
nerv'e for as long as two hours and wnth frequencies as high as 120/see. without 
obtaining a rise of blood pressure during this prolonged stimulation. 

The present study of the depressor reflex w'as undertaken vith the object 
of ascertaining whether the evidence which had been obtained from experi- 
ments on this reflex is adequate to prove that the inhibitory process cannot be 
fatigued. 

Methods. These experiments were performed on sixteen rabbits and six 
cats. Twelve rabbits were imder dial anesthesia (Ciba, 0.5 to 0.65 cc. per kgm., 
intraperitoneally), and four rabbits wnre under urethane anesthesia (1.0 gram 
per kgm., in a 25 per cent solution, injected intraperitoneally). Four cats 
were anesthetized with dial (Ciba, 0.7 cc. per kgm., intraperitoneally) and the 
other two were under urethane anesthesia (1.0 gram per kgm,, in a 25 per cent 
solution, injected slowiy into the femoral vein after a preliminary etherization). 

A tracheal cannula was inserted. Blood pressure w'as recorded, usually 
from the right carotid ailery, with a Hurthle membrane manometer. The 
manometer system contained 6 per cent sodium citrate solution to prevent 
coagulation of the blood. Both common carotid arteries were tied, to eliminate 
the carotid sinus reflexes. 

Shielded silver-wire electrodes were placed under the left depressor nerve 
in the rabbits and in those cats in which the depressor nen^e w'as separate from 
the vagus neiwe. In the other cats the electrodes were placed on the left 
vagus nerve. The usual procedure w'as to place the left vagus, the left cervical 
sympathetic, and the left depressor nerves all on one pair of electrodes, and to 
cut the sympathetic and vagus nerv^cs centrally. All three nerves w'ere always 
cut peripherally. The thin depressor nerve w’as thus protected from injury 

» This paper was written while the author held the Elirabelh Avery Colton Fellowship of 
the American Association of University Women. 
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wMcli might be involved in separating it for a sufficiently long space to place 
on electrodes, and from excessive diying. Wlien handled in this manner, the 
depressor nerve remained in excellent condition throughout every experiment. 
The right depressor and vagus nerves were also routinely cut. 

For obtaining pressor responses, shielded silver-virc electrodes were placed 
under the sciatic nerve, either right or left, in all the cats and in one rabbit. 
In the rest of the rabbits, shielded silver-vire electrodes were placed under the 
central end of the right vagus nerve. In these rabbits, the right depressor 
nerve was cut centrallj'^ to prevent any centripetal stimulation of it due to 
spread of the stimulus. 

The electrical stimuli consisted of condenser discharges through a thyratron, 
which were passed through a transformer before application to the nerve. 
Two independent stimulators were used for applying sl.imuli simultaneously 
to two nerves. 

Procedure. Measurements of the inhibition of a reflex indicate the in- 
tensity of the inhibitory process only as long as the inliibition is incomplete. 
It is generally accepted that the fall of blood pressure which is produced by 
stimulation of the depressor nerve is caused mainly by the inliibition of the 
tonic discharge of vasoconsti'ictor impulses. Conceivably, the intensity of 
the inhibitoiy process which is pi’oduced by maximal stimulation of the de- 
pressor nerve may be more than sufficient to lower the blood pressure to the 
greatest extent that can be obseiwed. Changes in the intensity of the inhibitory 
process can be demonstrated if the excitatory backgi’ound is periodically aug- 
mented by eliciting pressor responses wliich are too large to be inhibited com- 
pletely by stimulation of the depressor neiwe. If fatigue of the inhibitoiy 
process does occur, its presence should be evident from tlie progressive changes 
in the partially inhibited pressor responses during continued stimulation of 
the depressor nerve. 

The plan pursued in these experiments was to obtain at regular intervals a 
constant reflex rise of blood pressure by applying a definite stimulus to an 
afferent nerve, thus increasing periodically the excitatory background. After 
the constancy of the pressor response to the excitatoiy stmiulus had been es- 
tablished, supramaximal stimulation of the depressor nerve was begun. The 
stimuli for obtaining pressor responses were repeated regularly, at intervals 
of one or two minutes, before, during, and after the period of stimulation of 
the depressor nerve. The periods before and^after stimulation of the depressor 
nerve revealed any fatigue or other changes which might have occurred in the 
pressor responses. The changes in the pressor responses during the stimula- 
tion of the depressor nerve indicated changes in the intensity of the inhibitory 
process. The use of condenser discharges which had been passed through a 
transformer before application to the nei-ve rendered marked polarization un- 
likely, and the use of supramaximal stimulation for the depressor nerve made 
the results independent of changes in the excitability of the depressor fibers. 

Results. Difficulty was experienced in obtaining constant pressor re- 
sponses in the rabbit. In some rabbits, stimuli applied to a sensory neiwe 
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yielded only reflex falls of blood pressure, regardless of the intensity or fre- 
.quency used. Considerable time was spent in finding satisfactory conditions 
of anesthesia and an afferent nerve suitable for obtaining reliable pressor re- 
sponses. , The sciatic nerve proved imsatisfactory for this purpose, although 
one rabbit had constant pressor responses to stimulation of the sciatic nerve. 
In general, it was easier to obtain a fall of blood pressure in the rabbit by stimu- 
lating a sensory nerve such as the sciatic than it was to obtain a rise of blood 
pressure. Sometimes, a rise of blood pressure resulted from the first stimula- 
tion, but ever}’- successive stimulation, regardless of the intensity used, pro- 
duced a fall of blood pressure. Stimulation of the central end of the right 
vagus nerve in rabbits imder dial anesthesia gave the most reliable pressor 
responses. 

Stimulation of the depressor nerve produced a fall of blood pressure accom- 
panied by excellent inhibition of the pressor responses. The blood pressure 
remained at the low level throughout the entire stimulation of the depressor 
nen’e, and the pressor responses slowly increased. In other words, the inhibi- 
tory effect of stimulation of the depressor nerve upon pressor responses gradually 
decreased. The time required to demonstrate this impairment of inhibition 
varied greatly from animal to animal. In some animals, the impairment 
showed promptly after the first minute. In other animals, the impairment 
was extremely gradual and was not e-vident until after twelve minutes. The 
usual result was an impairment which was clearly present after six minutes. 

That this impairment of the inhibitory effect was reversible was shown by 
the improvement of the inhibition when the stimulus was reapplied to the de- 
pressor nerve after a suitable pause. Figure 1 is a typical record in which im- 
pairment and recovery of the inhibition are both seen. The same qualitative 
results could be obtained from an animal a number of times during each experi- 
ment. Quantitative reproducibility was rare, however, mainly because of the 
difficulties in maintaining pressor responses which were constant over a suffi- 
ciently long period of time. 

A period of from thirty minutes to an hour was required to demonstrate 
clearly an impairment of inhibition at one frequency. The preparation was not 
sufficiently stable with respect to pressor responses, blood pressure and level 
of anesthesia to permit comparisons of the time-course of the impairment of 
inhibition at different frequencies. 

Table 1 summarizes the results obtained in these experiments. 

In short, fourteen out of sixteen rabbits and four out of six cats showed an 
impairment of the inhibitor}' effect of stimulation of the depressor neiwe upon 
pressor responses. In the two cats and the two rabbits in which an impair- 
ment of inliibition was not demonstrated, the pressor responses were veiy poor 
and declined progressively throughout the experiment; consequently, thase 
experiments can hardly be considered valid. 

Discussion, The physiologist usually defines fatigue as a reversible im- 
pairment of performance because of previous activity. By reversible, he 
means that recovery occurs vathin a reasonable period of time. A reversible 
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impairment of the inhibitory effect of stimulation of the depressor nerve upon 
pressor responses has been demonstrated in these experiments. Because pre- 
cautions were taken against polarization at the electrodes, because supramaximal 
stimuli were used, and because it is knowm that neia^ axons fatigue verj'^ slowly 
in the frequenej^ range studied in these experiments (frequencies equal to or 
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Fig. 1. Impairment of the inhibitory effect of supramaximal centripetal stimulation of 
the depressor nerve at 60/sec. upon regularly repeated pressor responses obtained by stimu- 
lation of the central end of the right vagus nerve at 60/sec. for 25 seconds. The stimuli were 
passed through a transformer before application to tlie depressor nerve as a precaution 
against polarization at the electrodes. Note the improvement of the inhibitory effect upon 
the pressor responses when the same stimuli were reapplied to the depressor nerve after a 
pause of eight minutes. Rabbit. Dial anesthesia. The upper signal line indicates 
stimulation of the right vague nerve. The left depressor nerve was stimulated between 
the first and second marks on the middle signal line and also after the third mark. Time 
in 30-sec. intervals. 


TABLE 1 


ANIMAL 

j ANESTHESIA 

NERVE USED FOR 
OBTAINING PRESSOR 
j RESPONSES 

NUMBER OF ANIMALS 

IMPAIRMENT OF 
INHIBITION EVIDENT 

Rabbit 

Dial 

R. vagus 

12 

Yes 

Rabbit 

Urethane 

R. sciatic 

1 

Yes 

Rabbit 

Urethane 

R. vagus 

1 

Yes 

Rabbit 

Urethane 

R. vagus 

2 

No 

Cat. . 

Dial 

R. sciatic 

2 

Yes 

Cat 

Urethane 

R. sciatic 

2 

Yes 

Cat 

Dial 

R. sciatic 

1 

No 

Cat 

Urethane 

R. sciatic 

1 

No 


slower than 120/sec.), this impairment of the inhibitory effect of depressor 
stimulation is not peripheral, and hence, by exclusion, is central. These experi- 
ments have not eliminated Bayliss’ argument (1924, p. 423) that a reversible 
impairment of inliibition may be due to fatigue of the excitatory process at a 
synapse presumed to occur in the interneuronal chain of synapses involved in 
the inhibitory reflex. The experiments show that the evidence which has been 
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obtained from studies of the dejiressor reflex is inadequate to prove that the 
inhibitory process cannot be fatigued. 

SUMMARY 

These experiments have demonstrated a reversible, central impainnent of 
the inhibitory effect upon pressor responses of supramaximal, centripetal stimu- 
lation of the depressor nerve. Stimulation of the depressor nerve produced a 
fall of blood pressure which was accomijanied by excellent inhil^ition of pressor 
responses. The stimuli for obtaining pressor responses were repeated regu- 
larl}'’, at intervals of one or two minutes, throughout the experiment. The 
blood pi-essure remained at the low level throughout the entire stimulation of 
the depressor nerve, and the pressor responses slowlj’- increased. In other 
words, the inhibitoiy effect of stimulation of the depressor nerve upon the 
pressor responses gradually decreased. This impairment was shown to be 
reversible and central; it illustrates fatigue of an inhibitoiy reflex. 

It is concluded that the evidence which had been obtained from previous 
studies of the depressor reflex is inadequate to prove that the inhibitoiy process 
cannot be fatigued. 

Acknowledgments. I am indebted to Dr. Arturo Rosenblueth, Dr, Hallowell 
Davis and Dr. George Acheson for suggestions and criticism. 
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Glomerular filtration rate and renal blood flow in the dog are labile, varying 
from day to day with the dietary intake of protein (6, 12, 15, 18) and with the 
state of hydration of the animal (5, 14). However, if one chooses the experi- 
mental conditions of postabsorptive state and maximal hydration, filtration rate 
and blood flow remain quite constant over periods of several hours. Under 
these conditions intravenous administration of the amino acid glycin duplicates 
rapidly and reversibly those changes in the renal circulation which are seen over 
a period of hours following a protein meal (12, 13), and permits the ready 
investigation of the changes in renal vascular tone which serve as their basis. 
Utilizing methods for the quantitation of renal hemodynamics developed for the 
human (9, 10, 11, 16) and more recently applied to the seal (2, 8), we have ob- 
served that the increased filtration rate and blood flow following amino acid 
administration result from a fall in total renal resistance, which is predominantly 
localized in the efferent arteriolar and post arteriolar vascular components, 
although the afferent arterioles participate to a limited extent. 

Methods. Our experiments have been performed on two well trained female 
dogs under loose restraint. Adequate hydration was assured b}*" the adminis- 
tration of 50 cc. of water per kilo body weight by stomach tube at the start of 
the experiment, and the intravenous administration of 0.9 per cent saline at a 
rate of 5 to 7 cc. per minute throughout the experiment. Creatinine, for the 
measurement of glomerular filtration rate, and sodium 2J-aminohippurate, for 
the measurement of minimum effective renal plasma flow, were dissolved in the 
infusions in amounts sufficient 1o ensure constant plasma concentrations of 
creatinine between 30 and 40 mgm. per cent and of p-aminohippurate between 
1.5 and 3.0 mgm. per cent. Glycin Avas added to the infusions in increasing 
amounts to produce gradual increases in plasma concentration. Urine collection 
periods were 10 minutes in length and the bladder was washed out with distilled 
water at the end of each period. Arterial blood samples Avere obtained at the 
middle of each urine collection period from an indAA^elling femoral arterial needle 
fitted Avith a tight stylet. Mean arterial blood pressures Avere obtained by 
connecting a damped mercury manometer to the femoral needle for 2 minutes 
before and after the draAving of each blood sample. The mean of these tAvo 
pressures, recorded on a kymograph, was taken to constitute ^he mean pressure 
for each expeiimental period. Only tAvo of our dogs Avere sufficient!}’- placid to 
give Avhat Ave felt to be valid mean pressures by this method; hence the limitation 
of our experiments to tAvo animals. Hematocrits Avere determined in the con- 
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ventional manner and chemical analyses were performed by the methods out- 
lined in our previous communication (13). ^ 

Calculaliom. The clearance of p-aminohippurate is accepted as a measure of 
minimum effective renal plasma flow (3), having the same functional significance 
as the more widely used diodrast clearance. From the hematocrit and plasma 
flowi the minimum effective renal blood flow is obtained. Total renal resistance, 
plotted in figures 1 and 2, is calculated in absolute units of dynes cm.“® see. from 

R — P V 

the formula of Aperia (1). where R Ls the total renal per- 
fusion resistance; Pm, the mean pressure; and the renal blood flow per 

second. The virtue, if any, of expressing renal resistance in these units lies in 
the fact that recent studies of total peripheral resistance in the dog are expressed 
in these same units (17), and comparisons may readily be made. 

In figures 4 and 5 total renal resistance, R^, has been plotted in terms of 
millimeters mercury per cubic centimeter of blood per minute. Total re- 
sistance has been broken down into afferent arteriolar resistance, Ra; efferent 
arteriolar resistance, R^; and postarteriolar resistance, Rr; according to the 
equations of Lamport (11): 


Ra - 
Re — 
Rv — 


Pm - Po' - 23Hc - 20 
H.D 

(1 - 0.47F)(Po' - Po - 23/?. -{- 10) 
n>D 

Po — Pv "f* 20 
PVD 


Rk — Ra "i" Re "f" Rr 


Pm, mean pressure; P. colloid osmotic pressure of arterial plasma; P.', colloid 
osmotic pressure of plasma after the glomerular filtrate is formed; Pr, renal 


venous pressure; ??., hematocrit; H, D, p-aminohippurate clearance; 

1 c 


F, filtration fraction. In order to applj'^ these equations to our data it has been 
necessary to assume a seioim protein of 7 grams per cent having an A/G ratio 
of 2.2, since this factor was not quantitated in our experiments. 

Results. The effects o?i renal function of infusion of glycin in moderate 
amounts. The consistent effect of the intravenous infusion of moderate amounts 
of glycin has been to increase the renal blood flow and glomerular filtration 
rate, and to decrease the filtration fraction (i.e., that fraction of the plasma 
entering the glomerulus which is filtered through the glomerular capillary walls). 
These changes, qualitatively .similar in our two animals, have been somewhat 
greater in dog 1 . The results of one typical experiment on this dog are shown 


* The terms plasma flow and blood flow as used in the succeeding paragraphs are under- 
stood to have the connotation of minimum effective values. No correction has been applied 
for incomplete extraction, hence all flows arc somewhat low. Since only comparative sig- 
uificaace is attached to the data, incomplete extraction will not affect the interpretation. 
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in graphic form in figure 1. All variables, wth the exception of plasma amino 
nitrogen concentration are plotted on logarithmic ordinates in order that equal 
deviations from the means may represent equal percentage variations. The 
first two experimental periods served to establish control values for each of the 
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Fig, 1. The effects on renal function in dog 1 of intravenous infusion of glycin in amounts 
sufficient to ratse the plasma amino nitrogen concentration to 22 mgm. per cent. All vari- 
ables except amino nitrogen are plotted on logarithmic ordinates. The first 20 minutes 
establish control values for each of the variables. The glycin infusion was begun at 20 
nimutes and continued throughout the experiment, the plasma concentration progressively 
rising. 


variables. The infusion of glycin was then begun and plasma amino nitrogen 
increased gradually from control values of 4.0 mgm. per cent to 22.8 mgm. per 
cent. Renal blood flow and glomerular filtration rate increased sharply, the 
former showing a greater percentage change than the latter, so that the filtration 
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fraction dropped. Little change occurred in the mean arterial pressure; thus 
the increased blood flow, of necessity, resulted mainly from the evident marked 
fall in renal resistance. . Nine similar experiments jdelded results in qualitative 
agreement with those presented in figure 1. 

These changes in resistance and flow are not limited to the kidneys for uni- 
fonnly the skin of the animal becomes warm and flushed. In the light of the 
well maintained pressure and barring some compensator}’’ constriction elsewhere 
it may be assumed that an appreciable increase in cardiac output occurred. 
It is significant that in the human a sign of too rapid administration of amino 
acid with consequent increase in plasma concentration is a flushed warm skin. 

The effects on renal function of infusion of glycin in toxic amounts. The admin- 
istration of glycin at higher rates of infusion leads to the development of toxic 
signs of vomiting, dilatation and fixation of the pupils, weakness, muscular 
inco-ordination and eventual coma. Under these conditions renal blood flow 
and filtration rate fall, and filtration fraction rises as a consequence of increased 
renal resistance. The sequence of changes produced by elevating plasma amino 
nitrogen from 3.4 mgm, per cent to 61.0 mgm. per cent are shown in figure 2. 
In the early periods of this experiment during which plasma amino nitrogen 
levels were moderate (20 mgm. per cent or less) the changes in renal function 
previously described are evident. In the last two periods reversals of these 
changes are apparent, the renal blood flow falling considerably as a result of an 
increase in renal resistance. Filtration rate falls moderately so that filtration 
fraction increases. These results were duplicated in dog 2. 

Comparison of renal hemodynamic changes in dog, man and seal. Changes in 
renal blood flow in the human, whether produced by the administration of 
pyrogens or adrenalin, are without effect on glomerular filtration rate. Conse- 
quently the filtration fraction is inversely related to renal plasma flow. Accord- 
ing to Smith, Chasis, Goldring and Ranges (16) this is a result of the predominant 
control of renal blood flow by dilatation or constriction of the efferent glomemlar 
arterioles. 

Hiatt and Hiatt (8) studying the increase in filtration rate and blood flow 
in the seal which results from protein feeding, noted that the filtration fraction 
tends to remain constant. They conclude that in this form renal blood flow is 
regulated by variation in the calibre of both afferent and efferent arterioles. 
Our results on the dog seem intermediate between those on man and on the seal 
and to have elements in common with both. Thus an increase in flow is accom- 
panied by a fall in filtration fraction as in man, and by an increase in filtration 
rate as in the seal. 

The massed plot of our data, consisting of 96 clearance comparisons obtained 
in 12 such experiments as those described, are presented in figure 3. The filtra- 
tion fraction (ratio of creatinine to p-aminohippurate clearance) is plotted 
against the renal plasma flow (p-aminohippurate clearance) expressed in cubic 
ccniimeter.s per square meter surface area per minute. Curve 1 is taken from 
the average data of Smith et al. (16) and curve 2 from that of Hiatt and Hiatt 
(8). The dashed curve is, by inspection, the best fit of a rectangular hyperbola 
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to the data obtained on the dog. No one of the cui'ves fits our experimental 
results. The scatter of the data is much greater than may be explained by 
random error, and is felt to have physiological significance. However there is 
a suggestion of an inverse relationship between filtration fraction and plasma 



MINUTES 

Fig. 2. The effects on renal function in dogl of intravenous infusion of glycin in amounts 
sufficient to raise the plasma amino nitrogen concentration to 61 mgm. per cent. Plotting of 
variables as in figure 1 . 

flow in the general grouping of points around the dashed curve. One might 
with some justification infer a predominant efferent arteriolar control of renal 
blood flow as in man, with added elements of afferent control, operating to a 
variable extent, as in the seal. The decrease in renal resistance, shown in fig- 
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ure 1 to result from glycin infusion, might therefore be assigned in large part to 
efferent arteriolar dilation. 

The sties of change in renal vascular resistance. In an attempt to quantitate 
more exactly the site and relative degree of the resistance changes produced by 
moderate and high plasma amino acid levels, we have applied the revised equa- 



Fig. 3. The relation hotween filtration fraction and renal plasma flow in two dogs in 
which the plasma flow wa.s varied by the infusion of glycin. Cancel, from the data of Smith 
ct al. (16) on man; curve £, from the data of Hiatt and Hiatt (S) on the seal; dashed curve, 
by inspection, the hc.sl fit of a rectangular hyperbola to the data on the dog. 


tions of Lamport (11) to our da^a^ For a discus.sion of the significance and 
derivation of these formulae, which are given in the preliminary section on cal- 

2 The methods of treatment of data adrmcated by Smith et al (16) and by Lamport (11) 
do not necessarily lead to the same conclusions as to the relative importance of the 
afferent and efferent arterioles in the control of renal blood flow. In fact, when the 
data on man are analyzed by the two scries of equations, opposite conclusions are reached. 
Each method of treatment depends on assumptions which have not been subjected to 
experimental verification and the .author does not feel qualified lo select between the 
two on their present merits. However, since the two methods give answers in essential 
arreement for the data on the dog, wc feel ju.stifiod in applying them although the dis- 
crepancies Jiave not been resolved. 


HENAL nESISTAMOe iuc.mwhc,/ 


EENAIi HEMODYNAMICS IN THE DOG 


361 


culations,' the reader is referred to the original publications (9, 10, 11). In 
figure 4 are presented the changes in total renal resistance, Rk, produced by- 
infusing moderate amounts of glycin in dog 1, and the breakdown of this resist- 
ance into the component afferent arteriolar, Ra] efferent arteriolar. Re", and 
post arteriolar, Ry, resistances. Figure 4B is derived from the data of figure 1. 
Figure 4A is from another similar experiment on the same dog. The interesting 
factor in this analysis is the relatively insignificant changes in afferent arteriolar 
resistance and the predominant contribution'of the efferent arteriolar and post- 
arteriolar resistance to the decline in total renal resistance. These changes were 



WIHOTES 

Fig. 4. The changes in the component resistances making up the total renal resistance 
of the dog produced by the intravenous infusion of amounts of glycin sufHcient to elevate 
plasma amino nitrogen to from 19 to 22 mgm. per cent. total renal resistance; Ry, post- 

' arteriolar re’sistance; Ra, afferent arteriolar resistance; Re, efferent arteriolar resistance. 
A and B, two experiments on dog 1 ; B is calculated from the data of figure 1. The first 20 
minutes of each experiment establish control values for each variable. The glycin infusion 
was begun at 20 minutes and continued throughout the e.xperiment. Plasma amino nitrogen 
concentration.^ in milligrams per cent arc given b 3 ’- the figures just above the abscissa. 

qualitatively duplicated in dog 2 although they were of lesser magnitude. In 
some experiments a moderate decrease has been noted in afferent arteriolar 
resistance (see table 4, bottom row; and fig. 5A). 

Figure 5A and B represent the resistance changes seen in experiments on 
dogs 1 and 2 in experiments in which toxic amounts of amino acid were infused. 

' Figure 5A is derived from the data of figure 2. From these graphs it is apparent 
that all resistances contribute to the final elevation of total resistance seen in 
the final toxic state. In figure 5A there is in addition an appreciable fall in renal 
afferent resistance early in the experiment with moderate amino acid levels. 
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The analysis of the sites of change of renal resistance presented in Sgures 4 
and 5 thus confirms in all essential features the inferences drawn previously from 
figure ’Sj namely, preponderant changes on the efferent side of the glomerulus 
coupled with changes in afferent arteriolar resistance of lesser degree. 

The influence of maintenance diet on renal vascular resistance. In order to 
assess the changes in the separate renal vascular resistances as they are affected 
by variation in the protein content of maintenance diets, the dogs were placed 
for, one week on each of three diets: a cracker meal diet (low protein), dog pellet 
diet (medium protein) and meat diet (high protein). Experiments similar to 



Fig. 6. The changes in the component resistances making up the total renal resistance of 
the dog produced by the intravenous infusion of amounts of glycin sufficient to elevate 
plasma amino nitrogen to from 61 to 63 mgm. percent. Plotting of variables ns in figure 4. 
A, an experiment on dog 1 ; 13, an experiment on dog 2. 

those of figure 1 were performed at the end of each week. All experiments were 
performed with the animals in a postabsorptive state and well hydrated. Re- 
sults on dog 1 only are presented since this animal has consistently shovni the 
more marked changes. Qualitatively the results on dog 2 are in agreement. 
In table 1 are presented, for each experiment on dog 1, the average values for 
the two control periods and for the two consecutive periods after amino acid 
which show the maximum functional change. By comparing the control peri- 
ods, one secs the effects of variation in protein content of the maintenance diet. 
By comparing the amino acid periods one sees the effects of glycin infusion 
starting from three different functional base lines. 
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One may see from the control periods in table 1 that filtration rate and blood 
flow are reduced on carbohydrate maintenance diets and are elevated by in- 
creasing the dailj’’ intake of protein. Total renal resistance is higher on the 
carbohydrate regime than on the meat diet. The decreased resistance on the 
meat diet is evidently chiefly a function of reduction of efferent arteriolar and 
postarteriolar resistances, the afferent arteriolar resistance diminishing but 
slightly. 

The effects of glycin infusion during each of the three dietary regimes is to 
reduce total renal resistance, the major component of this reduced resistance 
being localized on the efferent side of the glomerulus. On the meat diet there 

TABLE I 

The effect of variation in the protein content of themaintenance diet and of the infusion 
of glycin on renal function in the dog. In the column listing experimental procedure, the 
control periods refer to the 2 initial periods of each experiment prior to glycin infusion; 
the glycin periods refer to the 2 consecutive periods of maximal functional change dur- 
ing glycin infusion. In calculating the per cent change of renal resistances (last 4 col- 
umns) the values of the control periods on the carbohydrate maintenance diet serve as 
the standard of reference. 
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no 

,61.0 

0.33 

280 

O.ODl 

0.094 

0.161 

0.346 

con- 

con- 

con- 

con- 

hydrate 












trol 

trol 

trol 

trol 


Glycin 

2 

18.2 

115 

80.9 

0.29 

438 

0.089 

0.044 

0.105 

0.238 

-3 

-53 

-35 

-31 

Mixed 

Control 

2 

3.9 

116 

74.8 

0.34 

318 

0.097 

0.092 

0.144 

0.333 

-1-7 

-2 

-11 

-4 


Glycin 

2 

1G.5 

119 

92.9 

0.25 

543 

0.087 

0.033 

0.085 

0.205 

-4 

-65 

-47 

-41 

Meat 

Control 

2 

3.4 

116 

86.1 

0.33 

372 

0.089 

0.075 

0.124 

0.288 

-2 

-20 

-23 

-17 


Glycin 

2 

16.2 

US 

108.0 

0,30 

508 

0.073 

0.047 

0.091 

0.211 

-20 

-50 

-43 

-39 


is, however, an appreciable decline in afferent arteriolar resistance as a result of 
glycin infusion (20 per cent). 

Discussion. ' Hiatt and Hiatt (8) have explained the dietary variation in 
glomerular function in the seal as an adaptation to periodic food intake and 
limited availability of water. Since the seal derives its excretory water from 
its food, that water is most available for nitrogen and electrolyte excretion at 
the time food is being absorbed and actively metabolized. In interim periods 
glomerular function is reduced to conserve water. The same argument applies 
to a lesser extent to the dog, whose ancestors probably gorged at infrequent 
intervals and who were not always near adequate sources of water. In man 
there is evidence that glomerular filtration rate is but little affected by diet (4). 
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Perhaps the omnivorous ancestors of man were clever enough to ensure more 
frequent and regular meals and, by choice, lived near more abundant supplies 
of water. On such a basis the descending order of variability of glomerular 
function from seal to dog to man finds explanation in a decreasing need for 
adaptation for maximal nitrogen excretion with minimum expenditure of water. 
If the predominant efferent arteriolar control of renal blood flow in man, claimed 
by vSmith et al. (16), is the factor maintaining the observed constancy of filtration 
rate, then the addition of progressively increasing variability of afferent arteriolar 
tone in the dog and seal permits the adjustment of filtration rate to the needs 
of the moment. 

We have no evidence as to whether the changes in renal vascular tone pro- 
duced by glycin are dependent on direct chemical effects on the several sites of 
renal resistance or are mediated through neural channels. The analogy of the 
action of pyrogens in producing equal increases of renal blood flow in innervated 
and denervated kidneys of the dog as demonstrated by Hiatt (7) might incline 
one to the former view. However, the widespread autonomic actiidty which is 
evident when toxic amounts of gl 3 '’cin are administered might well affect the 
renal circulation through the rich autonomic plexi. 

SUMIklARY 

1. The intravenous administration of glycin in amounts sufficient to raise the 
plasma concentration to 20 mgm. per cent of amino nitrogen produces an in- 
crease in glomerular filtration rate and renal blood flow, and a decrease in filtra- 
tion fraction and total renal resistance. 

2. The decrease in total renal resistance is largely localized in the efferent 
arterioles and postarteriolar vascular bed; the afferent arteriolar resistance 
changes but slightly. 

3. Glycin, in amounts sufficient to elevate the plasma concentration to 60 
mgm. per cent of amino nitrogen, is toxic and produces a decrease in glomerular 
filtration rate and renal blood flow, and an increase in filtration fraction and 
total renal resistance. 

4. The increase in total renal resistance results from an increase in each of the 
component renal resistances. 

5. An increase in the protein content of’the maintenance diec increases blood 
flow and filtration rate, without altering filtration fraction significantly, and 
decreases total renal resistance. 

6. This decrease in total renal resistance is largely localized in vessels on the 
efferent side of the glomerulus, 
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Vascular microscopy shows that wdespread vasoconstriction occurs in the 
mesenteiy, intestine, and ear during shock induced by bums, -limb tourniquets 
and hemorrhage (1, 2). About one-half hour before death, gradual relaxation 
of the vessels occurs. Observations of renal blood flow also demonstrate severe 
vasoconstriction in the kidneys (Corcoran, Taylor and Page, 3). Since both a 
peripherally acting vasoconstrictor substance (Page, 4), other than angiotonin, 
and an angiotonin-like substance (Sapirstein, Ogden and Southard, 6; Hamilton 
and Collins, 6; Huidobro and Braun-Menendez, 7) have been demonstrated in 
the blood of shocked or burned animals, it is not imreasonable to assume that, 
at least in part, the vasoconstriction is due to one or both of these vaso- 
constrictors. 

- During these profound vascular changes there probably occurs physiologic 
and metabolic alterations in the muscles themselves of the blood vessels and the 
heart. To demonstrate some of these, we had recourse to previous work in 
which it was shown that refractoriness to the pressor action of such substances 
as angiotonin (9) and adrenalin (Rous and Wilson, 8) develop under a variety 
of circumstances in intact animals and to angiotonin, at least, in isolated per- 
fused organs such as rabbits’ ears (10). Examples of such are the refractoriness 
to angiotonin caused by injury to the nervous system, severe hemorrhage or 
shock induced by tourniquets. It was hoped, therefore, that a study of the 
effects of scalds on the vascular system by examination of the response of the 
blood vessels to pressor stimuli would demonstrate changes in the reactirity of 
the vascular and cardiac musculature. 

It should be emphasized that in these experiments very severe scalds are 
inflicted to anesthetized animals in order better to demonstrate changes which 
might occur in the blood vessels and heart. 

It would be doubtful that many such severely scalded patients would be seen 
clinically, and the fact that we were unable to save the animals vith plasma does 
not militate against its beneficial effects in people less severely injured. 

It would appear probable that, as in most severe bums, plasma is lost from 
the circulation but that the circulatory changes are wholly due to this is made 
doubtful by the fact that after severe hemorrhage the enhancement of the pressor 
response does not occur. It is only late after severe hemorrhage or after scald- 
ing that refractoriness occurs. Further, replacement of lost plasma by large 
amounts of reconstituted plasma or by continuous administration of saline failed 
to prevent wholb" the typical cardiovascular responses to scalding. Encasement 
of the limbs in plaster to reduce local fluid loss also had no marked effect. 

3GC 
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We have attempted to measure blood volume by the dye method in these 
severely scalded animals, but hemotysis is so extreme that even the newer dye 
methods, which aim to ob\date this difficulty, failed. 

Methods. All experiments (176 animals) Avere done under pentobarbital 
anesthesia (35 mgm./kgm. of bodj' weight given intraperitoneally). The ani- 
mals Avere at all times AA'ell anesthetized. SurAuval Avas not sought. The hair 
on the legs AAns clipped short. A cannula AA’as inserted into a carotid arteiy 
and connected to a mercuiy manometer AAuth a tube filled AAith heparin solution. 
Both A'^agus nerves Avere seA’ered in some experiments but not in others. Injec- 
tions were made through a needle fixed in the external jugular A^ein or in the 
femoral A’^ein. Before burning, single doses of adrenalin (0.1 to 0.8 cc. of 1 : 10,- 
000), ephedrin (5 to 10 ragm.), pitressin (1 to 2 units), angiotonin 0.1 cc. pressor 
eqiUA^alent of 27 of adrenalin, tjTamine (0.5 to 1 mgm.) or barirmr chloride 
(12 to 25 mgm.) AA’^ere injected until reasonably constant pressor responses AA’ere 
elicited. Ephedrin and pitressin AA'ere soon discontinued because of their knoAAm 
ability to produce tachyphylaxis. Then all four legs of the dog AA'ere burned 
seA'^erely for tAA’o minutes, one at a time, by immersing in a bucket of AA'ater 
brought to the boiling point as in the method of Glenn, Peterson and Drinker 
(10a). The dog AA'as again placed on its back and at intervals of about 10 to 
25 minutes, single doses of the pressor drugs giA^en. This AA^as continued until 
death of the animal. In another group of animals only the hind legs AA'ere 
burned. 

A number of procedures Avere tried in an attempt to modify the cardiovascular 
changes resulting from the burn. 1. Procaine solution (5-10 cc. 2 per cent 
solution) AA'as injected into the cisteina magna after an occipital puncture. In 
these experiments just enough ether AA'as given to alloAA' the occipital puncture 
to be perfoi'med with ease and it AA'as then discontinued Avhen the effects of the 
procaine AA'ere apparent. No pentobarbital AA'as used. Artificial respiration 
through a tracheal cannula was gh'en throughout the experiment and more 
procaine administered if the animal started to l^reathe spontaneously. 2. Plas- 
ter encasements AA'ere applied in one group of experiments directly after the 
burn. The usual orthopedic plaster gauze AA'as AA'rapped firmly around the limb 
and alloAA'ed to set. The application usuallj' required from 5 to 10 minutes so 
that some SAA'elling of the legs had already occurred before the plaster AA'as rigid. 
Care AA'as taken to include part of the loAA'er abdomen in the casts. A number of 
other procedures AA'ere used but they can best be described along AA'ith their 
results. 

Results. The changes in the cardioA'ascular sj'stem studied by us resulting 
from burns may be divided into three phases: 1, the bum phase; 2, the transi- 
tional phase, and 3, the tenninal phase (fig. 1). 

The control 'period. The most striking obsei’vation made during this period 
AA'as that the pressor response to adrenalin, tyi’amine, barium chloride, pitressin 
and angiotonin A'aried strikingly' from animal to animal. In some dogs, 0.1 cc. 
of a 1:10,000 solution of adrenalin caused a rise of 80 mm. Hg or more AA'hile 
in others 0.8 cc. AA’as required to produce a rise of only 30 mm. Hg. Nor AA'as 
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the response to one drug a guide to that of others, though it was often true that 
a lively response to adrenalin or angiotonin was associated with an equally livelj’’ 
one to tyramine and barium chloride. 

Depressor or biphasic responses to adrenalin were occasionally encountered. 
They could usuallj^ be overcome bj’- giving repeated doses, larger than those 
producing the depressor re.sponse or by waiting for an hour or more. 




Z- ^ A 5 i 7 S 7 10 JJ IZ 15 /A JS 



Fig. 1. The effect of burns on the vascular response of a dog to adrenalin and tyramine. 
No. 511 (2 and 3) adrenalin 0.3 cc. (1-10,000 dilution) (4) tyramine 1 mgm., (5 to 9) tyramine 
2 mgm. (10 and 11) burned (12) adrenalin (13) t 3 'ramine (14) adrenalin (15) tyramine (16 
to 38) adrenalin (39) tj'ramine (40) plasma infusion. 

Four animals were tested for their jiressor responses during an 8 hour period 
without inflicting a bum. In none of them was there any significant change. 
There was, therefore, no reason to lielieve that the experimental conditions ivith- 
out the bum were of themselves of such a nature as to bring on the hemodynamic 
changes to be described as the result of burns. 

Ephediin and pitressin were both used as test substances but both cause 
tachj'phjdaxis. Tlie inter])retation of the results was correspondingly difficult. 
I’lie results of tests on G animals merely suggest that the response to ephedrin 
is reduced by burning and that pitressin is likely to cause a depressor rather than 
a pre'^.sor resjjonse. 

In another four experiments, the depressor response to acetyI-6-methyl cho- 
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line (0.05 mgm.) was studied. When the animals became refractoiy to pressor 
drags, mecholyl depressed the arterial pressure less actively than during the 
control period. Olson and Necheles (11) found the acetyl choline vasodepressor 
response inhibited by severe burns. 

The hum phase. Immersion of a limb of an anesthetized animal into boiling 
water causes a sharp rise in arterial and intra-thoracic venous pressure and 
increase in rate and depth of respiration. This lasts 5 or more minutes followed 
by a return to the initial level. Occasionally a fall to much lower levels occurs 
within several minutes after the burn (table 1). "iWien spinal anesthesia is used, 
no rise in pressure occurs but more usually a fall (expt. 5, table 1). This result 
is similar to that of Olson and Necheles (11) in which scalding a denervated 
foot caused a slight drop in arterial pressure while scalding of a normal foot 
caused a marked rise. The tissues of the limbs appear bloodless, gray and 
partially coagulated almost immediately after the burn but the flow of blood 
through the femoral vein is active. It should be noted, that the massive edema 
and swelling folloiving application of tourniquets to the limbs was not observed. 
There is often a slight rise in hematocrit index from 15 to 20 minutes after the 
burn. For example, a rise of from 45 to 52 per cent might be seen. These rises 
do not alwa3’^s occur and are small in comparison with those we had expected. 

Marked hemolysis of the blood occurs vithin 10 minutes as a result of the 
burn. The urine found in the bladder is usualty deeply colored with hemoglobin. 

The transition phase. Directly after the burn phase, the transitional phase 
begins. Vasoconstriction of the arteries, small and large, and veins occurs (Abell 
and Page, 2) and the plasma assumes vasoconstrictor properties almost imme- 
diately (4). A slight increase in swelling of the limbs may be observed and the 
hematociit index maj'' rise veiy moderately, show no further change, or tend to 
return to normal values. Visible edema of the legs is not marked. 

Arterial pressure assumes a steady and usuall}’’ reduced level and the heart 
beat is regular and forceful. 

In many animals, direct^’ after the bum, i.e., within 10 minutes, the pressor 
response to adrenahn and tyramine mcreases greatty but in a few the hj'-per- 
reactive phase was not marked. The increase is very striking in some experi- 
ments (fig, 1). Thus, in one example, the average response to adrenalin was 
36 mm. Hg and 32 mm. Hg to tju'amine before^the burn. Twent3’'-five minutes 
after the burn, the response to adrenalin Avas 98 and to tyramine 56 mm. Hg. 
Three hours later the response to adrenalin Avas 150 mm, Hg. Most animals 
do not show such remarkable increase in sensitivit3’’ but this one seiwes to empha- 
size that during the transitional phase, increased responsiveness to pressor drags 
is the rule and in many cases is startlingly great. Sensitmt3'’ ma3’' increase 
progressive^ during the first hour and the heightened response be maintained 
3 hours or more. The transitional phase usually lasts from 3 to 4 hours and the 
limits are AAide. The CO2 combining poAA'er of venous blood is little reduced 
during this period, for example, 23.3 milUmok per liter 3 hours after scalding. 

The terminal phase. The teiminal phase is initiated by beginning failure of 
pressor response to pressor and depressor drugs. No change in the aA'^erage 
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TABLE 1 


Examples of the pressor response to drugs before and after hot water burns in dogs 


TIME 

PKOCEDURE 

PPESSOR RESPONSE TO 

Adrenalin (1-10,000) 

Tyramine 

Barium chloride 

Amt. 


Rise in 
B.P. 

Amt. 


B 

Amt. 

Initial 

B.P. 

Rise in 
B.P 



mm 

mm. ffg 


mgm. 

mm. Hg 


mgm. 

mm. Hi 


10:44 



142 

40 

2 

148 

30 




10:47 



140 

36 

2 

156 

30 




11:00 

Burned 










11:15 


0.5 

58 

78 







11:40 


0,5 

88 

124 

2 

92 

78 




1:05 


0.5 

SO 

120 







1:30 


0.5 

72 

118 

2 

64 

34 




2:00 


0.5 

76 

120 

2 

SO 

38 




3:10 


0.5 

84 

116 

2 

82 

50 




4:20 


0.5 

100 

98 







5:20 


0.5 

108 

84 







5:38 


0.5 

106 

50 

2 

104 

18 




5:45 


0.5 

100 

38 







5:50 


0.5 

70 

18 







5:53 


0.5 

56 

14 







5:55 


0.7 

60 

0 







5:56 


1.0 

22 

0 







0:00 

Dead 












0.2 


46 


192 

38 






0.2 

1^1 

42 


198 

32 





Burned and plaster 











cast 










10:45 


0.2 

106 

50 







11:15 


0.2 

116 

66 


120 

34 




10:20 


0.2 

94 

36 







12:40 


0.2 

74 

50 


68 

44 




1:15 


0.2 

66 

44 

n 

64 

44 




1:50 


0.2 

60 

IS 

1 

66 

2 




1:52 


0.2 

60 

IS 







2:00 

Transfusion 250 cc. 










2:06 

Dead 










8:50 


0.1 

172 

48 

1 

166 

52 




8:56 


0.1 

170 

46 

1 

168 

42 




0:16 

Burned and plaster 











cast 










9:58 


0.1 

66 

70 

1 

58 

56 




11:15 


O.I 

54 

50 







12:00 


0,1 

44 

48 







1:00 


0.1 

52 

34 







1:25 


0.1 

44 

20 







1:27 


0.1 

42 

26 







1:30 


0.1 

44 

16 






— 
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TABLE 1 — Concluded 


PRESSOR RESPONSE TO 


DOG 

NO. 

TIME 

PROCEDURE 

(Adrenalin (1-10,000) 

Tyramine 

Barium chloride 

Amt. 

Initial 

B.P. 


Amt. 

Initial 

B.P. 

Rise in 
B.P. 

Amt. 

Initi.al 

B.P. 

Rise in 
B.P 


1:32 

1:42 

1:51 

2:19 

2:23 

2:35 

3:00 

3:30 

4:00 

4:30 

4:35 

Transfusion 300 cc. 
citrated whole 

blood 

Transfusion 100 cc. 
citrated whole 

blood 

Dead 

ce. 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

mm. Hg 

46 

48 

66 

52 

62 

66 

66 

52 

48 

40 

54 

96 

90 

86 

66 

58 

mgm* 

1 

mm. Eg 

46 

30 

mgm. 

m7n. Eg 


4 

9:15 

Pithed 

0.1 

60 

50 

1 

54 

58 

25 

52 

32 


10:48 

Burned 











11:02 


0.1 

44 

40 

1 

46 

42 

25 

50 

34 


11:28 


0.1 

50 

34 

1 

48 

46 

25 

56 

44 


11:58 


0.1 

62 

78 

1 

66 

68 

25 

68 

46 


12:43 


0.1 

64 

66 

1 

70 

54 

25 

68 

IS 


12:59 


0.1 

64 

32 

B 

60 

40 

25 

64 

22 


1:41 


0.1 

50 

26 

n 

48 

50 

25 

50 

16 


1:59 


0.1 

42 

16 

1 

40 

34 

25 

44 

6 


2:54 

Dead 










5 

9:13 

10 cc. 2 per cent pro- 












Cain into cisterna 












magna 











9:30 


0.2 

82 

38 

1 

78 

56 

12 

64 

44 


9:51 

Burned 











9:55 


0.2 

60 

30 

1 

64 

18 

12 

64 

22 


10:13 

10 cc. 2 per cent pro- 












Cain 











10:23 


0.2 

78 

54 

1 

84 

44 

12 

86 

30 


10:54 


0.2 

100 

40 

1 

100 

24 

12 

92 

22 


11:17 

10 cc. 2 per cent pro- 












Cain 











11:25 


0.2 

84 

42 

1 

76 

24 

12 

76 

20 


11:58 


0.2 

82 

38 

1 

84 

16 

12 

86 

20 


12:14 


0.2 

72 

28 

1 

72 

14 

12 

76 

14 


12:27 


0.2 

70 

24 

1 

70 

10 

12 

70 

12 


12:40 


0.2 

60 

18 

1 

78 

8 

12 

60 

6 


12:50 





1 

54 

6 

12 

56 

6 


1:00 


0.2 

52 

14 








1:30 

Dead 

















































372 


IRWNE H. PAGE 


level of arterial pressure may occur or it may be much reduced. Nothing has 
been obseiTed clinicallj^ which would indicate rapidly approaching death except 
progressive rise in intra-thoracic venous pressure and even this is not an early 
sign. 

The loss of pressor response may be slow at first, requiring an hour or more 
for a reduction to one-half of the pre^uous response, but then the rate is acceler- 
ated and it may be almost complete in 10 or 20 minutes. During, or shortty 
after this, arterial pressure begins to fall, at first gradually, then rapidly, ending 
in death in a few minutes. In short, when impaired response to pressor drags 
be^s, the teiminal phase is initiated and death from vascular failure will soon 
occur. Angiotonin and adrenalin seem to be rather more sensitive indicators of 
this phase than tyramine. Barium chloride is less desirable as an indicator 
because it tends, after repeated doses, to elicit changes of rhythm in the 
heart beat. 

Respiration alters but little until the very end when it becomes progressively 
more shallow (as measured by a pneumograph) and finally stops almost simul- 
taneousty with complete eirculatoiy failure. Measurement of the intrathoraeic 
venous pressure in 34 of the experiments shows that a significant rise occurs 
when death is imminent. 

Analysis of the blood pressure records shows no consistent relationship be- 
tween the height of the arterial pressure and the response elicited from any of 
the pressor drags. 

A^Tien the response to adrenalin is lost, or aU but lost, administration of 10 
times the test dose failed to elicit more than a slightl}’- greater response than the 
lower dose. It appears, therefore, that refractoriness is all but complete and 
that increasing the intensity of the stimulation does not overcome it. 

Cardionieter studies. It seemed desirable to learn whether the heart as well 
as the blood vessels failed to respond to pressor stimuli during the tenminal phase 
of eirculatoiy failure resulting from burns. To this end Dr. Kenneth Kohl- 
staedt and Mr. Clifford Wilson have conducted a number of e.xperiments with 
the dog’s heart in a eardiometer. One typical experiment, the results of which 
are illustrated in figure 2, wiU be cited to exemplify the results. After each dose 
of adrenalin administered before burning, the arterial pressure (I on the record), 
the intrathoraeic venous pressure (II on the record) rose and the volume of the 
heart (III on the record) fell. The enhanced response after scalding is seen in 
both the blood pressure and eardiometer record in section C, injection 2. The 
venous pressure now falls after administration of adrenalin. Sections E and F 
show the diminution and final obliteration of the vascular and cardiac response. 

‘ The record of the animal’s death is given in section G; arterial pressure falls to 
zero, venous pressure rises .shaiply and the heart dilates. 

The Effect of Hemorrhage on the Pressor Pesponse to Adrenalin. If reduction 
in blood volume were the sole cause of the hemodjmamic effects of scalds, then 
the .^ame phenomena .should be observed after severe hemorrhage. Six e.xperi- 
ments were performed in which the arterial pres.sure was severeb’- reduced by 
hemorrhage and the response to adrenalin observed. An example is gi\'cn in 
table 2. 
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Fig. 2. I. Arterial pressure measured in carotid artery bj" a mercury manometer. H- 
Intra-thoracic venous pressure measured by a water manometer. III. Cardiac output 
measured by cardiometer. Cardiometer used at normal intrathoracic pressure. Lower 
border is systolic volume. Upper border of tracing is the diastolic volume. 

Section A: Control period — drum mo\dng slowly. 

Section B: Control period — drum moving fast. 1, 0.4 cc. 1-10,000 adrenalin. 

Section C; 1 hour and 10 minutes after abdomen, back and hind legs were burned. 2, 
0.4 cc. 1-10,000 adrenalin. 

Section D; 50 minutes elapsed between C and D. 3, 0.4 cc. 1-10,000 adrenalin. 

Section E; 3 hours after D. 4, 0.4 cc. 1-10,000 adrenalin. 

Section F: 10 minutes after E. 5, 0.5 cc. 1-10,000 adrenalin. 

Section G; 15 minutes after F. 6, 0.4 cc. 1-10,000 adrenalin. 7, 0.4 cc. 1-10,000 
adrenalin, 

TABLE 2 


The effect of hemorrhage on -pressor response to adrenalin 
Male dog weighing 15.4 kgm. 


PROCEDURES 

HEART RATE 
PER MIN. 

STROKE 

VOLUME 

RISE IN B.P. 

AETER 

ADRENALIN 

TOTAL 

BLOOD 

LOSS 

TIME 

INITIAL 

B.P* 


■■ 

cc. 


CC, 

1 

Vlt7t, 

mm. Hg 

Control 

mm 

11.3 





40 y adrenalin 

m 

12.8 

26 



82 

Control 

mm 

11.4 





After bleeding 

130 

9.3 


200 

0 


40 y adrenalin 

no 

11.3 

18 


i 

70 

After bleeding 

130 

7.7 


300 



40 y adrenalin 

120 

9.2 

24 




After bleeding 

130 

6.9 


380 

23 

58 

40 y adrenalin 

120 

8.6 

24 



50 

\fter bleeding 

140 

6.1 


410 

38 


10 y adrenalin 

150 

8.1 

18 



48 

After bleeding 

160 

6.6 


450 

52 


40 y adrenalin 

170 

6.9 

14 



46 

After bleeding •. . . . 

160 

5.7 


500 

62 


40 y adrenalin 

160 

6.1 

8 



46 

After bleeding 

80 

6.6 


510 

68 


40 y adrenalin 

130 

6.9 

2 



44 
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With each dose of adrenalin, stroke volume increases when the arterial pres- 
sure rises, but as the responsiveness to pressor action of adrenalin decreases, so 
also does the extent of the rise in stroke volume decrease. It will be noted that 
direct^ after hemorrhage, no enhancement of the pressor response to adrenalin 
occurs as is so common after scalds but, just as in scalds, the response progres- 
sively diminishes until none is observed, despite the fact that the change in 
arterial pressure is not great. Thus at a piussure of 50 mm. Hg the response to 
adrenalin was 24 mm. Hg and stroke volume increased from 6.9 to 8.6 cc. At 
46 mm. Hg the re.sponse to adrenalin was 8 mm. Hg and stroke volume rose 
from 5.7 to 6.1 cc. 

Prolonged oligemia clearly is a.ssociated with \^ascular refractoriness, but does 
not account for the enhancement of the re.sponse observed after severe scalding. 
The question also remains just what the association is between loss of blood 
volume and production of refractoriness. 

Attempts to modify the effects of scalds. The major portion of this investigation 
was carried out in the earlj’- spring and midsummer. Thirt 3 ’'-five control e.\'peri- 
menis showed an average .sjian of life after scalding of 5 hours with extremes of 
2 and 9 hours. A smaller part of the work was done in the fall, and for some 
unexplained i-eason, 17 control dogs survived an a%'-erage of 40 hours, again to 
fall to the 5 hour period the next .spring. For this rea.son, whenevei’ po.ssible, a 
control experiment was canied out on the same da 3 '- as the main expei'iment. 

The attempts to modif 3 ’’ the circulatoiy effects of scalds were of \'aried nature 
and since they were for the most part unsuccessful, they will not be presented 
in detail. 

a. Use of plaster encasements on the limbs to limit loss of plasma — 18 experi- 
ments with an avei'age survi\''al time of 4 hours as opposed to 5 hours in the 
control group. 

h. Heparin (1,760 Connaught units) — ^3 experiments, survival 4.5 hours. 

c. Soluble vitamin K (10 doses totalling 18.5 mgm, after burning) — ^3 experi- 
ments, survival 5 hours. 

d. Ascorbic acid (0.12 mgm./cc. infused 10 drops a minute throughout experi- 
ment) 1 experiment, survival 3 hours. 

c. Sodium .succinate (0.1 gram/cc., 1 to 2 cc. per minute infused; total about 
60 grams) 5 experiments, survival 6 hours, control 5 hours. 

/. Procaine (injected into cisterna magna, artificial re.spiration) 11 experi- 
ments, survival 4 hours. 

(j. Nicotinic acid (5 to 16 gi-ams as infusion) 3 e.xperiments, survival 7 hours. 

h. jMethionine (3 grams as infusion) 1 expeihnent, survival 9 hours. 

i. Transfusion whole blood (100 to 300 cc. citrated dog’s blood) given early 
after burning ma 3 ^ enhance the pressor responses. Late in the tenninal phase 
may precipitate death. Six experiments, .survival 7 hours. 

j. Concentrated human albumin (0.2 cc./min., 36 to 240 cc.) 6 experiments, 
survival 7 hours. 

Human plasma (1 to 2 cc./min., 240 to 620 cc.) 4 experiments, survival 
4.5 liours. 
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l. Acacia (7 per cent 1 to 3 cc./min.) 7 experiments, sur^dval 7 hours. Re- 
fractoriness seemed to develop more slowl 3 L 

m. Sino-aortic denervation. Five experiments, survival 4 hours. 

11 . Adi-enalectomy (1 to 3 days before burning, 5 to 10 mgm. cortate daily) 
4 experiments, survival 1 hour. Pressor responses normal before burning. 

0 . Bilateral nephrectomy (2 days before burning) 24 ex'periments, survival 
6 hours. 

p. Pithing — 4 experiments, survival 3| hours. 

q. Refrigeration (limbs packed in ice after burning) 3 experiments, survival 
6| hours. 

r. Intraperitoneal saline (1 cc./min.) 5 experiments, survival 9 hours, controls 
8 hours. 

s. Intravenous saline (1 to 3 cc./min., total 800 to 2000 cc.) plaster encase- 
ments did not affect mortality in 5 experiments. In 10 expeiiments survival 
was 9 hours compared mth 5 hours for controls. In a second group the animals 
were immersed up to the sternum and burned area immediate^ placed in a cast. 
Nine control animals sur^dved 28 hours while the saline treated ones lived 
38 hours. 

Discussion. Cardiovascular responses to severe scalding allow three phases 
to be clearly differentiated. The first of these, occurring while the burn is being 
inflicted and blocked by spinal anesthesia — the bum phase — is characterized by 
a sharp rise in arterial pressure followed by a fall. The second — the transitional 
phase — ^is characterized by enhancement of pressor responses and moderate fall 
in arterial pressure. The third — ^the terminal phase — ^is heralded by an initial 
slow and then ever more rapid loss of response to pressor drags. Wlien the 
pressor response is significantly reduced, vascular collapse may occur at any 
time. Increasing the intensity of the chemical stimulus does not overcome the 
cardio-vascular refractoriness. 

The heart and the blood vessels both appear to participate in these changes in 
responsiveness, and suggest that the muscle of the heart and blood vessels is 
altered rather than some change at the myoneural junction. Greatly trength- 
ening this view is the fact that the response is changed to such diverse substances 
as adrenalin, tyramine, angiotonin, barium chloride and choline derivatives. 
Burning must have profoxmdly altered the metabolism of the muscle of the 
vascular s 3 ’'stem as expressed by a hyperactive phase followed bj’’ what appears 
to be a phase of exhaustion. 

Hemorrhage also alters vascular reactivity to angiotonin (9, 12) and adrenalin 
(8, 12), but here no hyper-reactive phase is discernible, only the refractory phase. 
Rous and Wilson (8) rejected slowing of circulation and severe vasoconstriction 
as a cause of refractoriness. The response to adrenalin is enhanced early in 
traumatic shock in cats to be reduced teiminally according to Freedman and 
Kabat (13). Injuiy to the nervous system produces alterations in responsive- 
ness. For example. Cannon and Lyman (14) showed that pitliing cats enhanced 
the pressor action of adrenalin. Traumatic injuiy to the nervous system in dogs 
and cats reduces or abolishes the pressor response to angiotonin according to 
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Page (9). Miether we are to ^^ew the changes resulting from burns as belong- 
ing to this catcgoiy is uncertain. Against this is the fact that sjjinal anasthesia 
or pithing doas not abolish them, 'J'his argument is not wholly conclusive. 

Visual study of the vassels in animals lairncd in the same manner as that 
einplo 3 ’'ed in ihasc expeiiments showed severe constriction during the transitional 
phase and relaxation during the temiinal phase (Abell and Page, 2). If, there- 
fore, two effects of adrenalin, i.e., vasoconstriction and vasodilatation, are 
attributed to opposite actions depending upon the state of the muscle— contrac- 
tion when relaxed, relaxation when tonically shortened (Garmon and Ljonan, 
14), then just the opposite of our results should have been observed. 

Since the vessels are partially relaxed when the terminal phase occurs, it would 
seem improbable that vasoconstriction was sufficiently intense to reduce or 
abolish the effect of adrenalin. 

It might be suggested that there was so little blood in the arterial portion of 
the vascular system that contraction of the ai-terioles would have little influence 
on arterial pressure. But inspection of the vessels imder the microscope shows 
them to be well filled vnth blood. Further, this %’iew does not explain the failure 
of the mimeardium to respond. 

Anoxia might well be responsible for the changes in vascular responsiveness 
obseiwed in the terminal phase, but this does not as readily ex-plain wh}’- the 
responses should be enhanced during the transitional phase. In the absence of 
data to prove the point we shall merel}'- mention it as a possibility. 

The carotid sinus mechanism does not appear to play an important part in 
the cardiovascular changes resulting from scalds, for sino-aortic denen^ation 
does not prevent them from occm’ring. It might be argued that the lowered 
blood pressure would mean increased vasoconstriction due to reduced sinus and 
aortic depressor nerve action, hence pressor drugs would have less constrictor 
effect since vasoconstriction is already’’ maximal. This view has several defects. 
The first is that in the terminal phase, arterioles tend to dilate rather than to 
constrict. This has been seen with the microscope. The second is that the 
heart becomes refractoiy just as do the blood vessels, as shown by the cardi- 
ometer studies. The third is that a sharp fall in blood pressure due to brief 
hemorrhage is not accompanied by a reduced adrenalin response in an anesthet- 
ized but othei-wise normal animal. The fourth is that sino-aortic denervation 
does not significantly change the response nor does it prolong the life of the 
animal. ^ 

During the terminal phase transfusion seems to hasten rather than retard 
death. A number of observers have pointed this out giving a variety of reasons 
why this is so. To these maj-- possibly be added the factor of loss of responsive- 
ness of the vascular system to humoral agents. 

Hemolysis which is w'ell known to occur as the result of burns (15) might play 
some part but the fact that refractoilness develops after a prolonged period of 
h 3 'potension due to hemorrhage or tourniquet shock in wliich little or no hemoty- 
sis occurs suggests that it is not decisive. 

.Since vasoconstriction is one of the constant accompaniments of burn shock, 
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except during the terminal phase, it is natural to seek a cause for it. Reduction 
of blood volume would lead to passive reduction in the caliber of the vascular 
bed. But the fact that, for example, in the kidneys vasoconstriction persists 
long after blood volume is restored (Corcoran, Taylor and Page, 3) points to the 
vasoconstriction as being an active one. Furthermore, it occurs even in dener- 
vated kidneys .which leads one to suspect the presence of humoral vasocon- 
strictors. Such substances have been demonstrated in the plasma of shocked 
animals (4). 

Thus it is a possibility that some substance is liberated in scalded animals 
which increases the excitability of the vascular and cardiac musculature during 
the transitional phase, the continued ‘action of which leads to exliaustion (ter- 
minal phase). It might be the vasoconstrictor substance which we have de- 
scribed as appealing in the blood during bums and shock. Possibly it is the 
substance liberated in the blood and lymph from the burned area which increased 
the QO2 of rat liver slices described bj’’ Muus and Hardenbergh (16). Like the 
vasoconstrictor, it also is ultrafiltrable. 

Attempts to modif}’’ the various phases of the cnculatoiy excitation and de- 
pression during burns have met no marked success. Limiting the loss of plasma 
by plaster casts, alteiing the coagulability of the blood bj’’ heparin, vitamin C 
or K, sodimn succinate, nicotinic acid, methionine, procaine anesthesia of the 
brain and cord, refrigeration of the burned limbs,- bilateral nephrectomy and 
destruction of the cord w^ere all of little avail. Adrenalectomy so reduced the 
resistance of the animals to the burns that it was not possible, under the con- 
ditions of our experiments, to examine satisfactorily the response to pressor 
drugs. There can be no doubt that removal of the adrenal glands even when 
followed by administration of desoxycorticosterone seriously reduced the chances 
of survival after burning. Maintenance of blood volume with blood but espe- 
cially with saline seems to postpone the terminal phase and prolong survival to 
a limited degree. 

( 

' SUMMARY 

1. Severe scalding modifies the circulation in dogs under pentobai-bital anes- 
thesia in such a way that at first the pressor responses to such drugs as adrenalin, 
tyramine, and to a lesser extent, angiotonin and barium chloride, are enhanced, 
to be followed by a period of refractoriness. 

2. It is possible to divide the cardiovascular responses to scalding into three 
phases: 1, the burn phase; a short phase while burning is actually occurring, 
during Avhich arterial pressure rises and aU the phenomena associated vdth acute 
nervous excitation occur; 2, the transitional phase during which arterial pressure 
tends to fall slightly or moderately and response to some pressor drugs is en-' 
hanced; 3, the terminal phase during which the response begins to fail and may 
be abolished altogether. Increasing the intensity of the chemical stimuli does 
not overcome the cardiovascular refractoriness. 

3. Npt only, the peripheral vascular bed becomes refractory, but the heart as 
well, as cardiometer studies have shown. 
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4. Severe acute liemorrhage early produces neither enhancement nor depres- 
sion of the adrenalin response in the heart or peripheral vessels. For this and 
other reasons, it is assumed that the cardiovascular changes may be an indirect 
rather than a direct effect of oligemia. 

5. The sino-aortic nerve mechanism does not appear to play an important 
part in the circulatory changes after scalding. 

6. Maintenance of blood volume and administration of saline tend to post- 
pone slightly and shorten the terminal refractory phase but do not abolish it. 
Salt solution possibly prolongs life somewhat. 

7. Transfusion given during the terminal phase may hasten death. 

8. The suggestion is tentatively made that these results may be due to the 
appearance or disappearance of substances which control the excitability of 
the vascular and cardiac musculature. Heightened excitability may lead ulti- 
mately to exhaustion and the teiminal refractor}’- phase. 
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The similai-ity of the responses of isolated smooth muscle (longitudinal duo- 
denal muscle of rabbit) to cyanide, to oxygen at high barometric pressures, and 
to low oxygen, has recently been demonstrated (Bean and Bohr, 1940). This 
was interpreted as an indication that an oxidative dysfunction was responsible 
for the reaction of the smooth muscle under each of these conditions, since cyanide 
is known to inactivate selectively the oxidase-cytochrome en 2 yme system; 
oxygen at high pressure has been shovni to decrease the activity of the dehydro- 
genase system (Libbrecht and Massart, 1937; Bohr and Bean, 1940), while low 
oxygen administration grossh’’ deprives tlie tissue of oxygen Avithout directlj'’ 
damaging these enzymes. 

Interestingly enough, however, a few early experiments on pyloric sphincter 
tissue showed that it does not react in an identical manner to each of these 
oxidative disturbances. This peculiarit3’’ seemed to Avarrant further inA^’estiga- 
tion and in the experiments herein reported attempts AA^ere made to determine 
AA’hether such differences in the reaction of the pyloric sphincter to cyanide and to 
high oxygen pressure might not be correlated AAith the modes of action of these 
tAA'o respiratoiy enzyme poisons and to uncoAm’ some of the more intimate details 
of the mechanism by AA’hich oxj’-gen at high pressure poisons the dehydrogenase 
system. 

The smooth muscle used Avas taken from freshly killed rabbits and in most cases 
was prepared and set up in a compression chamber in the manner previously 
described (Bean and Bohr, 1940) ; in a feAV instances the more usual method for 
studying smooth muscle at atmospheric pressure Avas employed. Particular 
care was taken to maintain the temperature (37°C.) and the mechanical stimula- 
tion inherent in the bubbling of the bath A\ith oxygen, constant. Although it is 
believed by some (Johnson, jNIcCloskej'’ and Voegtlin, 1927) that in guinea-pig 
uterus the necessaiy energy for contraction is not dependent upon the supply of 
molecular oxygen, it appears generallj’- accepted that the processes responsible 
for the maintenance of tonus in smooth muscle are ultimately if not immediately 
dependent upon oxidative proce.^ses (EAmns, 1919; Gariy, 1923). In our ex- 
periments we have used changes in tonus as a criterion of the action of the 
enzyme poisons in question. 

Effects of high oxygen pressure. Cuiwc A, figure 1, represents the typical 
change in tonus AA'hich occurred AAithout exception AA'hen the pyloric sphincter 
was exqjosed to oxygen at seA'^enty-fiAm pounds’ gauge pressure. The tonus com- 
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menced to fall vithin three minutes after compression and reached a new equil- 
ibrium at a lower level. ' This change was rapidly and almost completely reversed 
by decompression to atmospheric pressure. That this reversible tonus change 
was due to the increased O 2 pressure and not to some effect of pressure per se 
was shown by the fact that in control tests sphincter tonus was not altered by 
exposure to room air at seventy-five pounds pressure. The tonus fall induced 
by the high oxygen pressure is, perhaps, best explained by what amoimts to a 
“hyperoxic anoxia”— -a failure of utilization of oxygen due to the poisoning or 



Fig. 1. A. Changes in tomis of circular muscle of pyloric sphincter (rabbit) induced by 
exposure in T 5 'rode solution to oxygen at 75 pounds’ gauge pressure. Compression at C, 
decompression to atmospheric pressure at D. Tonus on the ordinates indicates relative 
values. Time in minutes on the abscissae. 

B. Tonus change.s in longitudinal duodenal muscle. Broken line indicates tonus of 
control exposed in Tyrodc solution to oxygen at atmosplieric pressure; the solid line, 
changes induced by oxygen at 75 pounds’ pressure; 

C. Tonus of pyloric sphincter in Tyrode to which NaCN was added to give a final con- 
centration of 1:100,000. 

D. Tonus change induced in fresh longitudinal duodenal muscle by NaCN (concen- 
tration 1:100,000). 

inactivation of the dehydrogena.se system by oxygen in high concentrations 
(Bohr and Bean, 1940). 

The curve B, figure 1, .showing the effects of oxygen at .seventy-five pounds' 
pressure on longitudinal duodenal muscle, i.s reproduced for comparison. The 
tonus changes induced in a control strip of this tissue by exposure to oxygen at 
atmospheric pressure (brolcen line) and those induced in a test strip by exposure 
to oxj’gen at seventy-five pounds’ pres-sure (solid line) were recorded simultaneous- 
ly. It is seen that the tonu.s of the control and test preparations follow'cd the 
same gradient for thirty-five minutes, after w’hich the tonus of the test prepara- 
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tion decreased; on decompression to ox 3 ’-gen at atmospheric pressure the tonus 
of the test strip returned to and continued along nath the gradient of the control. 

A comparison of curves A and B of figure 1 clearly indicates that the tonus 
of both pyloric spliincter and longitudinal duodenal muscle is reversibly decreased 
by exposure to oxygen at high pressure. But a point desers’-ing emphasis is the 
striking difference in the time of onset of this depressant action in the two mus- 
cles. In the pyloric sphincter it invariably appeared vdthin five minutes after 
compression, whereas in the longitudinal muscle it Avas delaj'-ed until anyAvhere 
from fifteen to forty minutes in each of a series of ten experiments. This dif- 
ference in the onset of depressed tonus would appear to justify the conclusion 
that either the high-ox 3 '’gen-sensitive enzjnne system does not play as important 
a role in the maintenance of the tonus of longitudinal duodenal muscle as it does 
in the pyloric sphincter, or the enzyme system responsible for the maintenance 
of tonus in the longitudinal duodenal muscle is more slowlj’' damaged by oxygen 
at high pressure. 

It cannot be said with absolute certainty that intrinsic nerves play no part in 
the induction of the above described tonus changes of isolated pyloric sphincter 
and longitudinal duodenal muscle, but the fact that such changes are not elim- 
inated by previous atropinization of the tissue offers reasonable assurance that 
the parasympathetic endings do not act as intermediaries; nor do the sympathetic 
endings appear to be involved (Bean and Bohr, 1940). 

Effects of cyanide. It is generally accepted and has been again demonstrated 
(Dale, 1937) that cyanide acts only as an asphj’-.xial agent preventing the utiliza- 
tion of oxygen and does not exert any peculiar to.xic influence on tissues; the 
effects of its administration in our experiments, therefore, can be quite safely 
attributed solely to a deficient oxygen utilization. Sodium cj'^anide added to the 
Tyrode bath to give a final concentration of 1 : 100,000 or even as high as 1 : 9000 
failed to alter sphincter muscle tonus (C, fig. 1). Such concentrations are far 
in excess of that required to inactivate the oxidase-cytochi’ome enzyme system 
either in vitro or in vivo (Evans, 1919; Hadidian and Hoagland, 1939). The 
failure of NaCN to alter sphincter tonus indicates that this oxidative enzyme 
system is not essential for the maintenance of tonus in pyloric sphincter muscle. 

In contrast to this apparent absence of any cyanide action on the tonus of 
pyloric sphincter muscle is the pronounced depressant action of NaCN on the 
tonus of longitudinal duodenal muscle. In some feAv e.\periments this drop Avas 
preceded by a slight initial transient rise Av^hich AA^as seemingly conditioned by 
the freshness of the tissue since it AA^as missing in freshly isolated tissue and 
became more prominent AAuth prolongation of the preseiwation of the tissue in the 
ice box up to 48 hours (fig. 2). But eA'^en in isolated tissue preserved for 6 days 
this initial NaCN elevation Avas transient, the final result of cyanide administra- 
tion being a decrease in tonus. 

In attempting to explain this initial increase in tonus especially prominent in 
older tissue a number of possibilities come to mind. It has been conAuncingly 
demonstrated for a number of tissues (Gesell, Brassfield and Hamilton, 1942; 
Brassfield and Gesell, 1942) that potentiation of acetylcholine by increased 
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acidity is an exceedingly important determinant in the ph.ysiological response 
of tissues and it is conceivable that the initial increase in tonus of longitudinal 
duodenal muscle sometimes induced hy the administration of cyanide might be 
interpreted as an acid potentiation of acetyicbolwe liberated from intrinsic 
nerve endings. But this would seem to be ruled out by the finding that heavy 
atropinization of the tissue previous to the cyanide administration did not 
prevent the occurrence of this initial increase in tonus. Moreover, after two 
days — ^to say notliing of six — the cut cholinergic fibers would, in all probability, 
have degenerated- (Cannon and Ro.senblucth, 1937). 

The fact that increasing the pH of the bath by small amounts of NaOH will 
of itself induce a rise in tonus of the duodenal muscle constitutes further evidence 
against the interpretation that the initial tonus lise induced b.y cyanide might 
be due to acid potentiation of acet 3 dcholinc and suggests tliat such initial rise 



Fig. 2. A. Effect of XaCX, 1:200,000 on frc.sh rabbit duodenum (longitudinal muscle). 
B. Effects two day.s after isolation (tissue from (he same animal as in A). C. Six days after 
i.solation. D. Effect of Xa(*X, 1:400,000 on fresh rabbit duodenum. E. Effects of NaCX 
on a similar strip of ti.ssuc from the same animal as in part D but two days after isolation 
of the ti.ssue. 

might actually be the result of an increased pH of the bath arising from the 
I\aCX which of itself is strongh" alkaline. Alkalinization of the bath by the 
NaCN was ruled out as a possible explanation b^" the finding that adjusting the 
pH of the XaCX' to that of the bath bj" adding of HCi just before its administra- 
tion failed to eliminate the initial increa.se in tonus. 

Another pos.sible explanation worthj’- of consideration involves the question 
of gly’coh'sis. It is quite conceivable that there might be an alteration in 
gh'colj'sis and .some altci'ation in the normal co-ordination of the respiratoiy 
enzyme .systems with perhaps a partial .«hift to anaerobic mobilization of cnergj" 
following the tissue’s removal from the bodj'. In this connection the work of 
Dale (1937) on the frog heart is of intorc.st; he found that any .shortage of oxj’-gcn 
appoans to induce it to In-eak down carbohydrate' and, what is not true of the heart 
under aerobic conditions, to .«limulate it to utilize (he carbohydrate in the per- 
fusion fluid. X'ow if the conditions are at ail comparable in the isolaterl duodenal 
tissue it may be that the initial rise in tonus elicited in our expennu'nt.s by cyanide 
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represents a temporary shift to a utilization of the glucose of the Tju’ode solution. 
In order to test if this were the case, a comparison of the reaction to C 3 ’’anide 
before and after poisoning the tissue with iodoacetic acid was made. Some 
difficulty was encountered in getting a concentration of I.A.A. which of itself 
would not completelj’’ depress spontaneous activity of the tissue, but it was 
found that after immersing the tissue in Tyrode solutions Awth I.A.A. in con- 
centrations of 1 : 30,000 for thirty minutes, ej’-anide administration elicited onty a 
drop in tonus. The initial rise in tonus present in unpoisoned muscle but which 
was missing in the I.A.A. poisoned muscles would, therefore, appear to be at least 
partially related to an alteration in glycolysis resultmg from a shift in enzyme 
activity which becomes more pronounced as the tissue’s isolation from the 
body is prolonged. Incidentally, the increased sensitivity of smooth muscle 
after sympathetic and parasympathetic denervation (Cannon and Rosenblueth, 
1937) might very possibly bo a result of a comparable shift in enzyme co-ordina- 
tion. 

The typical precipitous drop in tonus induced bj*^ cjmnidc (NaCN, 1 : 100,000) 
administered 'to strictly fresh longitudinal duodenal muscle is shown in curv’'e 
D, figure 1. This substantiates the conclusion that a cyanide-sensitive enzpne 
is essential for the maintenance of tonus in tliis tissue. The possibility that this 
characteristic drop in tonus of fresh longitudinal duodenal tissue induced by 
cyanide might have been due to some peculiar liberation of acetylcholine in large 
"paraljdric” amounts from the parasympathetic endings was ruled out by the 
fact that when, during such a state of lowered tonus, acetylcholine was ad- 
ministered, a sharp contraction was elicited. 

In brief then, the evidence thus far presented indicates that pyloric sphincter 
tonus is sharply decreased by exposure to oxygen at high pressure, but is un- 
altered by concentrations of ej'^anide which inactivate the oxidase-cytochrome 
system. On the other hand, the tonus of the longitudinal duodenal muscle is 
distinctly less rapidly depressed by oxygen at high pressure, but relati^'ely'Weak 
concentrations of cyanide induce a precipitous fall in tonus. These differences 
in the effects of the selective enzyme poisons on the tonus of these two tis ues 
in their fresh state strongly suggest that the oxidative metabolism of the two 
tissues is controlled by two fundamentally different enz 3 Tne systems. The 
integrity of the high-oxygen-sensitive system, involving in all probability a 
dehydrogenase, would seem to be essential for the maintenance of tonus in the 
slowly acting pyloric sphincter muscle, whereas m the more rapidly acting longi- 
tudinal duodenal muscle the maintenance of tonus is largely dependent upon 
a properly functioning oxidase-C 3 ’’tochrorae system. If we assume equivalent 
rates of penetration, the delayed drop in tonus in the longitudinal muscle induced 
by oxygen at high pressure might very well represent the inactivation of a 
dehydrogenase system which is pla 3 ’'ing a secondary role in the maintenance of 
tonus in this muscle. However, as will be pointed out further along in this 
report, the possibility that this delayed fall in tonus could also represent a de- 
layed' inhibitory action of the high oxygen pressure on the oxidase-cytochrome 
syatem must be recognized. 

The fact that in the normal intact animal the longitudinal muscle is possessed 
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of a relatively rapid rhythmic action whereas the sphincter isaslower,tonically- 
contracting tissue, and also that these two tissues are not affected in the same 
maimer or degree by their autonomic innervations might provide a justifiable 
basis for expecting that the oxidative mechanisms of the two tissues are different 
and that differences in the response of the tissues to selective enzyme poisons as 
described above might veiy well be anticipated. In this connection the findings 
of Hadidian and Hoagland (1939) regarding the relative speeds of action of the 
two enzyme systems in question are of interest. The cytochrome system, which 
they found to be the faster step in their double enz 5 mie system, is the one which, 
as our experiments indicate, controls the oxidations in the more rapidly acting 
longitudinal duodenal muscle; the slower dehydrogenase system governs oxida- 
tions in the sluggi.shly acting sphincter tissue. 

The experimental data and the interpretation that the tonic and contractural 
activity of these two tissues is controlled through different enzyme systems have 
broad implications; the}’' point to the probability that the neurohumoral sub- 
stances effective on the tissues operate through them influence on these enz 3 nme 
systems. The difference in the effects of acetylcholine on longitudinal duodena! 
muscle (stimulation) and on the pyloric sphincter (inJiibition) are particularly 
pertinent in this connection; the difference may simply be a reflection of the 
ability of this neuro-humoral substance to make specific enz 3 rmes available for the 
necessary energy transformations. Certainly the fact that acetylcholine not only 
inhibits the pace-maker of the cold-blood heart, but also renders the cardiac 
muscle reversibly um’esponsive to electrical stimuli and reduces the resting 
metabolism to one-half of its normal value (Clark, 1935) might well be inter- 
preted as being due to the action of acetylcholine on an essential enzjme system 
whereby it is rendered unavailable for oxidative processes; on the other hand, in 
tissues where this neuro-humoral stuff excites them to increased activity, the 
more important enzymes necessary for energj’^ mobilization would.be those whose 
availability is gi-eatly increased by acetylcholine. It has already been pointed 
out (Raper, 1940) that an increased uptake of oxygen resulting from the addition 
of acetylcholine to .slices of submaxillary gland tissue is due neither to an increase 
of substrate, nor to the supply of oxygen, so that the most apparent explanation 
for the increased oxygen uptake is an increase in the availability of the catalyst. 

Effects of high oxygen pressure and cyanide in combination. Pyloric sphincter 
tissue: In this series of experiments changes in tonus were again used as a crite- 
rion of the toxic action of o.xygen at high pressure and thus indirectly, also, for 
the inactivation of the dehydrogenase enzyme systems. The tonus of the pyloric 
sphincter tissue, as pointed out above, is not altered by the admmistration of 
cyanide so that any changes in tonus which might occur when cyanide and 
oxygen at high pressure are administered in combination may be safely attributed 
to an involvement of oxygen. 

The results of three successive exposures of the same strip of sphincter muscle 
to high oxj^gen pressure are shown in figure 3, which represents the invariable 
findings obtained under the specified conditions. A typical fall in tonus (curve 
A) was induced by the first exposure to oxygen at thirty pounds’ pressure. This 
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effect was partialh^ reversed by decompression to atmospheric pressure. Preced- 
ing the second exposure to oxygen (curve B, fig. 3) cj’^anide was added (“NaCN”) 
to the bath in amount sufficient to give a final concentration of 1:20,000; the 
tonus, which at that time was decreasing ver}’- slightly, was not significantly al- 
tered. Although this cyanide treatment was without any obvious effect it did 
change conditions in the tissue, for a subsequent exposure to O 2 at thirt}’’ pounds’ 
pressure (C) induced a rise in tonus instead of a fall as had occurred in O 2 expo- 
sures before cyanide administration (curve A). This rise persisted for about 



Fig. 3. Tonus changes induced in a strip of circular muscle of pyloric sphincter (rabbit) 
in Tyrode bath; A. exposure to oxygen at 30 pounds’ gauge pressure. B. By exposure 
to oxygen at 30 pounds’ pressure after having previously administered NaCN to give a bath 
concentration of 1:20,000. C. By exposure to oxygen at 30 pounds’ pressure in a fresh 
Tyrode bath after having thoroughly washed the tissue to remove the NaCN. In each 
curve C indicates compression; D, decompression to atmospheric pressure and the arrow 
at NaCN in curve B marks the moment of administration of cyanide. 

Fig. 4. Tonus changes induced in circular duodenal muscle. A, by oxygen at 75 pounds’ 
pressure; B, by NaCN in final concentration of 1:15,000; C, by oxygen at 75 pounds following 
cyanide administration. The sharp tonus drop immediately following decompression 
shown in this and figures 1 and 2 was due in part to the buoyance of minute bubbles collect- 
ing on the surface of the tissue and cannot therefor be considered as a tonus change. 


, thirty minutes and was followed by a secondary drop. Shortly after decompres- 
sion (D) the tonus returned almost to the precompression level. The tissue was 
then thoroughly washed to remove the cyanide and placed in a fresh- bath of 
Tyrode solution; subsequent exposure to o.xygen at thirty pounds’ pressure (C of 
curve (J) induced a depression of tonus similar to that recorded before any cya- 
nide had been administered (curve A). In another series of similar experiments 
it was found that oxygen at seventy-five pounds’ pressure produced essentially 
the same results as those shown in figure 3 except that the tonus increase induced 
by the oxygen at the higher pressure after cyanide administration was more 
pronounced. _ ^ 
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These results, taken together, would indicate then that cyanide administered 
to isolated pyloric sphincter temporarily nullifies the deleterious action of oxygen 
at high pressure onThis tissue, and, since cyanide poisons the more important 
systems which provide “activated” oxygen, it may be that the deleterious action 
of oxygen at high pressure in the absence of NaCN is due to the presence of unduly 
great amounts of “activated” oxygen inhibiting the dehydrogenase system. In 
any case the experimental results are in accord vith the ^^ew of Libbrecht and 
Massart (1937) that in m vitro experiments oxygen at high pressure does not 
inactivate the dehydi'ogenase system in the presence of cyanide. ->^tadie, Riggs 
and Ilaugaard, (1944) Jiave taken exception, however, to Libbreoht’s and 
Massart’s use of the term “l’ox 3 ’^genc actif” on the grounds that it is not 
sufficiently specific. 

Although as previously demonstrated the cyanide-sensitive oxidase-cj'-tochrome 
system is apparently not essential for the maintenance of pjdoric sphincter tonus, 
the effects of NaCN and high oxygen pressure in combhiation justify the assump- 
tion that such enzjune system is present in this tissue and that in the tonus 
changes manifest, there is more than simplj’- a failure' of the o.xygen to be made 
toxic by its “activation” through a cyanide-sensitive sj'stem. 

The increased tonus of the cyanide treated tissue induced by the oxygen is not 
easily explained, but the finding that it is more pronounced at pressures of 
seventy-five pounds than it is vith pressures of thirty pounds suggests that the 
concentration of the oxygen is somehow' involved. The dehydrogenase system 
in this pyloric tissue is apparently capable of functioning in the absence of a 
cyanide-sensitive sj'stem, so this tonus increase may merely represent a greatly 
improved o-xj'gen supply. This would imply either that the molecular oxygen in 
high concentration is itself available as a hydrogen acceptor or that there is some 
cyanide-refractorj' enzyme present (c.g., a cysteine system) w’hich is capable of 
“activating” this oxygen in quantities sufficient to serA'c as a hj'drogen acceptor 
but insufficient to cause a rapid poisoning of the dehydrogenase system. 

If, how'cver, as is maintained by Dixon and Elliott (1929) and Dale (1937) but 
vigorously denied by Warburg (1931) and his collaborators, the uptake of oxygen 
by tissue is not completely abolished bj' cj’anide, there is the possibility that the 
temporary increase in tonus induced in our C3'anide-treated pyloric tissue might 
have resulted from a combination of this residual abilit 3 ' of ox 3 'gen utilization 
and the increased 0X3'gen pressure. 

Tlie fact that the p 3 ’loric sphincter tonus which has been elevated to a higher 
plateau by the high concentration of ox 3 'gen in the presence of cyanide is not 
maintained at this elevation, but shortly falls back to, and even below, the pre- 
compression level (curve JS, fig. 3) might be constraed as evidence that the high 
oxygen pressure had functionally removed the NaCN by o.xidation. But such 
an interpretation is dismissed by the experimental finding that even after cyanide 
solution was exposed to and bubbled with oxygen at seventy-five pounds’ pressure 
for an hour it still induced the characteristic depression of tonus when subse- 
quently administered to longitudinal duodenal muscle at atmospheric pressure. 
Perhaps the most probable explanation for the failure of the pyloric sphincter 
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tonus to be maintained at the high plateau (curve B, fig. 3) would be that the 
dehydrogenase system is not permanently immime to the deleterious action of 
high oxygen pressure even when the cyanide-sensitive system is not functioning 
to produce “activated” oxygen. 

In brief, the fall in tonus of pyloric sphincter muscle which is induced by its 
exposure to ox^’^gen at high pressure can be delayed and even temporarily reversed 
by a previous administration of c 3 mnide. It is suggested that this reversalresults 
from a failure in the formation of “activated” oxygen consequent upon the poison- 
ing of the oxidase-cytochrome S 3 'stem. Subtoxic amounts of activated oxygen 
made available through some non-c 5 mnide-sensitive system and the high concen- 
tration of - oxygen, result in a temporarily improved state and a rise in sphincter 
tonus which is later diminished when the amount of “activated” oxygen finally 
reaches a level such as to cause inactivation of the dehydrogenase. Reduction of 
the oxj’-gen concentration b\'’ decompression to atmospheric pressure frees the 
dehj'drogenase, at least partially, and as a result the sphincter tonus returns to 
noimal (curve B, fig. 3) . 

Circular duodenal muscle. In tlxis series, strips of circular duodenal muscle 
.. about‘5 mm. wide, taken from the upper part of the duodenum were set up in the 
Tjnrode solution bath as described for pyloric sphincter. Figure 4 illustrates the 
various tonus changes produced in this tissue by its exposure to high oxygen 
pressure and the administration of .cyanide. In curve A, the effects of oxygen at 
seventy-five pounds’ pressure alone are slio-wn; compression (C) caused an abrupt 
fall in tonus beginning rvithin five minutes of the end of compression. This 
initial fall occurred without exception in each of the seven experiments of this 
series. The similarity between- this initial response of the chcular duodenal 
muscle and that recorded from pjdoi'ic sphincter (cuiwe ri, fig. 1), together with 
the finding that this initial tonus drop may be prevented in both tissues by pre- 
vious administration of cyanide (fig. 3R, 4(7), supports the contention that the 
factors responsible for the tonus di-op induced in both of these tissues by high 
oxygen pressure acting alone, are identical, viz., as suggested above in connection 
vdth the pyloric sphincter, the poisoning of the dehydrogenase system by the 
formation of unduly large amount of “activated” oxygen. 

Aside, however, from the similarity of the initial drop in tonus and the reaction 
to high oxygen pressure after cyanide administration, the circular duodenal 
muscle differs markedly from the pyloric sphincter in its subsequent reaction to 
the high oxygen pressure. In the circular duodenal muscle the initially depressed 
tonus does not persist tlwoughout the period of the maintained O 2 pressure; it 
recovers, so that the tonus may temporarily supersede the precompression level. 
Take for example figure 3A, here after about fifteen minutes of exposure to the 
increased pressure, the oxygen, even though it was present in high concentration 
would appear to be temporarily innocuous, a condition somewhat similar to that 
seen when the tissue has been previously treated with cyanide. In each of the 
experiments this recoveiy of tonus, which appeared vithin seventeen minutes 
after compression, might be interpreted as arising from a parallel recovery of the 
dehydrogenase system which was initially inhibited by the high oxygen pressure. 
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It is very unlikely that such a recovery could be a rapidly-acquired tolerance of 
the enzyme for the high oxygen pressure. A more reasonable explanation would 
seem to lie in a reduction of the amount of “activated” oxygen to a level where it 
ceases to exert a toxic action on the dehydrogenase system which then again 
becomes functional. But how might a diminution of “activated” oxygen to 
subtoxic levels come about? Perhaps the best answer would be that it is a direct 
consequence of an impairment of that enzjune sj^stem responsible for the activa- 
tion of oxygen, viz,, the cyanide-sensitive oxidase-C 3 d;ochrome system. Taken 
as a whole, then, the results indirectly suggest that not only the high-oxygen- 
sensitive dehydrogenase system, but also the cyanide-sensitive oxidase-cyto- 
chrome system of the circular duodenal muscle is inhibited or damaged by oxygen 
at high pressure. 

Further support for this view was derived from a study of the effect of high 
oxygen pressure on circular duodenal muscle after its cji-ochrome system had 
been specifically inhibited by cyanide. As shown in curve B, figure 4, cyanide of 
itself, administered in a final concentration of 1 : 15,000 failed to alter the tonus. 
The effect of superimposing oxygen at seventy-five pounds’ pressure on such a 
cyanide-treated muscle (a fresh strip of circular duodenal muscle from the same 
animal as used in A and B of fig. 4) is shovm in curve C, figure 4; administration 
of NaCN to a final concentration of 1 ; 15,000 to poison the cytochrome system 
was vdthout effect on the tonus, but now a subsequent exposure to oxygen at 
seventy-five pounds’ pressure caused an increase in tonus instead of an initial fall, 
as had occurred in curve A . Thus the immediate effect of oxygen at high pressure 
on the tonus of the tissue previously treated with cyanide is similar to its delayed 
effect (after 15 min. exposure) on the untreated muscle. This similarity suggests 
that the fifteen minutes’ exposure to high oxygen pressure by itself, as well as 
cyanide by itself, inhibits the oxygen activating enzyme and so permits recoveiy, 
at least temporarily, of the dehydrogenase sj^stem. 

The post NaCN rise in tonus ^of cncular duodenal muscle induced by the high 
oxygen, like that seen in the pjdoric sphincter muscle under the same conditions 
(curve B, fig. 3) may possibly be attributed to an improved oxygen supply 
through the non-cyanide-sensitive systems. The failure to maintain the newly 
attained elevation of tonus (fig. 3B, 4/1, 4C) is another feature common to the 
curves of both pyloric sphincter and duodenal circular muscle and perhaps is ex- 
plainable on the basis of a temporarily improved state which persists only until 
the “activated” oxygen made available by the non-cyanide sensitive system has 
attained a level at which it becomes toxic. 

The only significant difference, then, between the response of the duodenal cir- 
cular muscle and that of the pyloric sphincter muscle to high Oxygen pressure 
seen in these cuiwes aside from a soraewliat more precipitous initial fall in tonus 
in the duodenal tissue (fig. 3 A, fig. 4A) is the pronounced .secondary rise in duo- 
denal tonus which appears within about fifteen minutes following the oxygen 
compres.sion. 

SU5I.MARY 

Changes in tonus elicited from freshly isolated smooth muscles (rabbit) by 
oxvgen at high barometric prcs.sure and by NaCN were studied in an attempt to 
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ixplain the toxic action of high oxygen pressures on these tissues and their resph- 
itoiy enz3Tnes. The results indicate that pjdoric sphincter tonus is sharply de- 
ireased by exposure to oxygen at thirty and seventy-five pounds’ pressure, but is 
inaltered by NaCN in concentrations which inactivate the oxidase-cytochrome 
system. Since oxygen at liigh pressure is knonm to selectively inactivate the 
dehydrogenase system, it is concluded that this en'z3Tne system is more important 
than the oxidase-cytochrome system to that metabolism upon which the mainte- 
nance of pyloric sphincter tonus is dependent. 

Cyanide caused a rapid onset of a precipitous faU of tonus in freshly isolated 
longitudinal duodenal muscle but oxygen at high pressure reduced the tonus of 
fresh strips of this muscle only after a relativel}’’ prolonged exposure. It was con- 
cluded, therefore, that the oxidase-cidochrome system rather than the deh^'^dro- 
genase system plays the more outstanding r 61 e in the control of the metabolism 
responsible for the maiutenance of tonus in longitudinal duodenal muscle. It 
would appear then that the oxidative metabolism of the slowly acting pyloric 
sphincter tissue is governed largely by the relatively slow dehydrogenase enz3Tne 
system while that of the more active longitudinal duodenal muscle is controlled 
predominantly by the oxidase-cytochrome system which is knovm to be a more 
rapidly acting enzyme. 

Oxygen at high pressure fails to cause a decrease in pyloric sphincter tonus if 
this muscle has been treated with NaCN prior to its exposure to the oxygen pres- 
sure. It would appear, therefore, that oxygen must be “activated” by a cyanide- 
sensitive system before it is capable of adversely affecting pyloric tonus and 
inhibiting the dehydrogenase system of this tissue. 

Oxygen at high pressure induced an initial fall in tonus of circular duodenal 
muscle; with continued exposure there followed a secondary rise in tonus. Treat- 
ment of this tissue with NaCN prior to its exposure to high oxygen, how'ever, 
completely eliminated the initial faU in tonus seen in the untreated tissue and 
instead there occurred an immediate lise in tonus. It was suggested that these 
effects might be interpreted as due to a poisoning of the oxygen-activating, 
cyanide-sensitive (oxidase-cytochrome) enzyme systems, the consequent de- 
crease of “activated” oxygen to subtoxic levels and a resultant temporary resump- 
tion of function of the dehydrogenase system following an initial period of inhibi- 
tion. This implies that the oxidase-cjdochrome system, as well as the deh3’’dro- 
genase system, is affected in oxygen poisoning. 

It is suggested that the differences found in the responses of freshly isolated 
and two or three day old (kept in the cold room) longitudinal muscle to NaCN are 
indicative of a shift in the functioning of the respiratory enzyme systems folloAving 
the tissue’s isolation. 

REFERENCES 

Bean, J. W. and D. F. Bohr. This Journal 130: 445, 1940. 

Bohr, D. F. and J. W. Bean. This Journal 131: 338, 1940. 

Brassfield, C. R. and R. Gesele. Fed. Proc. 1; 10, 1942. 

Cannon, W. B. and A. Rosenbeueth. Autonomic neuro-effector systems. MacMillan 
Co., 1937. ■ 

Ceark, a. j. Quart. J. Exper. Physiol. 25; 181, 1935. 


390 


JOHN W, BEAN AND DAVID F. BOHE 


Dale, A. S. ' J. Physiol. 89: 316, 1937, 

Dixon, M. and K. A. C. Elliott. Biochem. J. 23; 812, 1929. 

Evans, C. L. J. Physiol. 63; 17, 1919. 

Garry, R. O. J. Physiol. 66; 235, 1923. 

Gesell, R., C. R. Brassfiell and M. A. Hamilton. This Journal 136; 604, 1942. 
Hadidian, Z.'and H. Hoagland. J. Gen. Physiol. 23; 81, 1939. 

Hopkins, F. O.'and E. J. Morgan. Biochem. J. 32: 611, 1938. 

Johnson, J. M., W. T. McClosky and C. Voegtlin. This Journal 83: 15, 1927. 
Libbeecht, W. and L. Massart. Compt. rend. Soc. Biol. 124; 299, 1937. 

Raper, H. S. Advancement of Science 2 : 217, 1940. 

Stadie, IIV. C., B. C. Riggs and N. Hatjgaard. Am. J. Med. Sc. 207; 84, 1944. 
Warburg, 0. Biochem. J. 231; 493, 1931. 


THE INNERVATION OF THE INTEROSSEOUS MUSCLES AND THE 
MECHANISM OF THE "TOE SPREADING REFLEX” OF 
THE HIND LIMB IN THE CAT 


WILLIMI L. STRAUS, Jn. akd JAMES M. SPRAGUE 
From the Department of Anatomy, The Johns Hopkins University 

Received for publication July 11, 1944 

Since the extensive investigations of Ruge (1878) and Cunningham'(1882) it 
generally has been accepted that the interosseous muscles of the mammalian 
pes are innervated by the lateral plantar nerve, a terminal branch of the tibial 
nerve. In a recent paper Altschul and Turner (1942) claimed, however, that in 
the cat and the rabbit the dorsal interossei of the hind limb are supplied with 
motor fibers exclusively by the common peroneal nerve. ,Were tliis true, it 
would be an outstanding and important exception to the concept of nerve- 
muscle specificity. It therefore requires confimiation. 

Altschul and Turner have based their conclusions entirely upon physiological 
evidence. In interpreting tliis evidence they have made two major assumptions. 
First, they have assumed that the interosseous muscles of the cat are identical 
with those of man in both form and action, and hence the active agents in the 
"toe spreading reflex” of this animal. In this reflex, the toes are entended and 
widely spread and the claws protruded or unsheathed when the animal is raised 
vertically from the ground. Second, since stimulation of the common peroneal 
nerve — and of this nerve alone — produces this action, they have assumed that 
the interosseous muscles of the cat are iimeiwated by motor fibers of this nerve. 
They seem not to have considered the possibility that muscles other than the 
interossei might be produemg the reaction in question. Apparently they have 
not studied the morphology nor determined the specific actions of the various 
pedal muscles in either cat or rabbit, but have taken it for granted that they are 
identical with those of man. We have studied these muscles and their innerva- 
tions in seven cats, including careful and thorough electrical stimulation of 
muscles and nerves in both hind limbs of two animals anesthetized by intra- 
peritoneal injection of nembutal. 

Anatomical findings. The arrangements of the pedal muscles of the cat, 
especially the intrinsic, differ. so markedly from those of man, and are so impor- 
tant in an imderstanding of their actions, that they bear some detailed descrip- 
tion. Deep to the long flexor tendons of the toes there are, as in other mammals, 
two layers of plantar muscles, separated by the deep division of the lateral plantar 
nerve and its branches (see fig. 1). The more superficial (plantar) of these is the 
layer of adductors (or contrahentes), comprising three small muscles — ^m. ad- 
ductor indicis (described as a part of the interosseous muscle of the second toe by 
both Reighard and Jennings, 1938, and Davison, 1937 ; not recognized by Mivart, 
1892), inserted upon the fibular base of the second toe; m. adductor digiti quinti 
("m. adductor medius digiti quinti” of both Reighard and Jennings and Davison; 
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not described by Mivart), inserted upon the tibial base of the fifth toe; and m. 
adductor-opponens digiti quinti (“m. oppdnens minimi sive quinti digiti” of 
Reighard and Jennings, Davison, Mivart and Ja 3 me), inserted upon the tibial 
aspect of the shaft of metatarsale V. 

The deeper, heavier layer comprises the interosseous muscles, covering the 
■plantar aspects of the metatarsal bones. These, however, are not so truly inter- 
osseous in position as they are in man and some other mammals, for the meta- 
tarsal bones of the cat are so closely adprcssed that they are confined to the sole 
of the foot. They therefore are not really differentiated into dorsal and plantar 
sets as in man, as long ago sho\vn by McMurrich (1907), Instead, they' are true 
musculi flexores breves profundi as found in numerous mammals and other 
tetrapods. The two musculi interossei of each digit arise in common from the 
plantar base of their respective metatarsal bone and the adjacent tarsus. The}'’ 
eventually diverge to separate insertions on the tibial and fibular sides of the 
digit. Each interosseous muscle (save only the fibular component of digit V) 
consists of two distinct parts; 1. A heavy, dorsal portion, largely fleshy, which 



Fig. 1. Diagrammatic cross-section of the foot of the cat, through the proximal metatar- 
sus, to show the interosseous and adductor muscles. The course of the deep branch of the 
lateral plantar nerve is indicated. The adductor muscles, from left to right, are m. ad- 
ductor-opponens digiti quinti, m. adductor digiti quinti and m. adductor indicis. 

is inserted into the plantar base of the proximal phalanx (including the sesamoid 
bone) ; usually, the more lateral part forms a distinct fascicle that is inserted 
by a slender tendon. 2. The smaller, plantar portion forms a long, .strong ten- 
don that passes around the side of the metatarso-phalangeal joint to attain the 
dorsal surface of the digit. Here it not onlj’' joins the corresponding tendon of the 
interosseous muscle of the opposite side of the digit, but also the tendons of mm. 
extensor digitorum iongus and extensor digitonim brevis (figs. 2 and 3). The 
four fom a common tendon which is strongly attached to the base of the middle 
phalanx and then continued forward to be inserted upon the terminal phalanx 
(see fig. 3). We have been unable to separate this common tendon into definite 
components .such as Willan (1912) found in man. The fibular interosseous mus- 
cle of digit V (more properly termed m. flexor digiti quinti brevis, but not 
“abductor brevis” as by Reighard and Jennings and Davdson) differs in that it 
sends no tendon to the dorsum of the digit, but is inserted wholly into the base 
of the proximal phalanx. The common dorsal tendon of toe V thus is formed 
only by the tendons of musculi interosseous (tibialis), extensor digitorum Iongus 
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and peroneus digiti quinti. • The adductor and interosseous muscles clearly are 
innervated by branches of the lateral plantar nerve. ' Thus it is evident, from 
purely morphological grounds, that the interosseous muscles of the cat have dif- 
ferent actions than in man. Furthermore, to speak of “dorsal interossei,” as 
opposed to “plantar interossei,” in the cat is entirely gratuitous. 

The muscles of the dorsum of the foot, all innervated by branches of the 
common peroneal nerve, merit careful attention (see fig. 2). M. extensor digi- 
torum longus arises from the lateral condyle of the femur. Distally, it forms a 
tendon for each of the four toes. These join the respective common dorsal ten- 
dons as described above. 

M. extensor digitorum brevis is a powerful muscle composed of three bellies. 
Origin is from the fibular side of the tarsus (especially calcaneus), with accessory 
slips from the metatarsal bases and adjacent distal tarsus. The tendon of the 
tibial belly divides into approximately equal branches; one of these becomes a 
part of the common dorsal tendon of toe II, while the other is attached to meta- 
tarso-phalangeal joint-capsule III (there may be a slender accessory tendon 
to metatarso-phalangeal joint-capsule II). The tendon of the middle belly also 
splits into two parts — the stronger of these passes along the fibular side of the 
third metatarsal bone, is strongly attached to the base of the proximal phalanx 
by a tendinous expansion, and continues forward to join the dorsal tendon of the 
fibular interosseous muscle of toe III, and, through this, the common tendon; 
the weaker branch of the tendon is inserted dorsally into metatarso-phalangeal 
joint-capsule IV. The tendon of the fibular belly continues without division 
along the fibular border of toe IV, being inserted in the manner of the stronger 
branch of the tendon of the middle bell5^ 

M. peroneus digiti quinti (incorrectly termed “m. peroneus tertius” by 
Reighard and Jennings, Davison, and Jayne) arises from the fibula in association 
■with the other peroneal muscles. Its long, slender tendon passes along the outer 
margin of the foot to its insertions on the fibular base of the proximal phalanx 
and the common tendon of digit V. ^ 

Experimental findings. In our stimulation experiments we used a sine 
wave current of 60 cycles applied through bipolar electrodes. 

As Altschul and Tmner have stated, stimulation of the common peroneal 
nerve causes pronoimced spreading of the digits and unsheathing of the claws. 
In our animals, the foot also was dorsoflexed and all four toes were extended. 
The digital spreading was most pronounced in toes IV and (especially) V. It 
also was found, in agreement wfith the above authors, that stimulation of the 
tibial nerve does not produce this action. We have noted that faradization of 
this nerve in the crus (below the innervation of the long digital flexors) causes 
marked adduction of the toes, "^wth accompanjong flexion of the proximal and 
extension of the middle phalanges. This movement is largely, if not entirely, 
due to the action of the interosseous muscles; for when these muscles were exposed 
by careful reflection of the more superficial layers (so that only the interosseous 
and adductor muscles remained intact), and the tibial nerve or its distal stump 
was stimulated, the same action followed upon their contraction. Spreading of 
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the digits and protrasion of the claws did not take place. On the other hand, 
stimulation of the common peroneal nerve never caused any contraction of the 
exposed musculi interossel. Direct stimulation of these muscles reproduced the 
results obtained through. faradization of the tibial nerve. It thus is evident 
that the interosseous muscles of the cat have no active part in the “toe spreading 
reflex”, nor are they supplied with motor fibers by the common peroneal nerve. 
Rather, they are innervated by the tibial nerve as in other mammals. 



Fig. 2. Dorsal view of the foot of the cat, to show the tendons of the digital extensors. 
The contributions of the interosseous muscles to the common dorsal tendons also are 
included. The outline of the skeleton is after' Jayne. 

Fig. 3. Medial views of the foot of the cat (showing the distal part of the metatarsus 
and the three phalanges), to illustrate the mechanism of the claw protrusion that accom- 
panies the “toe spreading reflex”. The tendons of the muscles responsible for this action 
arc shown '.M. extensor digitorumlongus {E. D. L.),m. extensor digitorum brevis (E. D. B.) 
and the long digital flexors (L. D. F.). The contribution of the interosseous muscle (/. T.) 
to the common dorsal tendon (C. T.) also is indicated. A (above), foot at rest in the 
standing position, with claws retracted. B (below), foot with toes extended and claws 
protruded. 

It has been clearly demonstrated in our experiments that the “toe spreading 
reflex” is effected entirely by the dorsal muscles pretnoasly described—musculi 
exdensor digitorum longus, extensor digitorum brevis and peroneus digiti quinti. 
The “toe spreading” is largely, if not entirely, produced by the action of the 
powerful m. extensor digitorum brevis and m. peroneus digiti quinti. The 
r61e of m. extensor digitorum longus clearly is accessory in this movement; 
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for when its tendons are severed, and the other muscles left intact, spreading of 
the toes consequent to stimulation of the common peroneal nerve was not dimin- 
ished perceptibly. But section of the tendons of musculi extensor digitorum 
brevis and peroneus digiti quinti did abolish this reaction, despite the integrity 
of musculi interossei. 

ache unsheathing of the cla-ws, which is a part of the* “toe spreading reflex” 
in the cat, is consequent to the digital extension. In the normal, standing posi- 
tion, with retracted or sheathed claws, the relations of metatarsals and phalanges 
are approximately as shown in figure’ 3A. When the middle phalanges are 
extended by m. extensor digitorum bre\ds (and ra. peroneus digiti quinti), the 
tension thus applied to the tendons of thedong digital flexors (which are inserted 
upon the terminal phalanges) causes the terminal phalanges to be flexed and the 
claws thus unsheathed (fig. 3B). Although the plantar portions of musculi 
interossei have dorsal insertions in common vdth musculi e.xtensor digitorum 
longus and extensor digitomm brevis, they have no share in this action, apparent- 
ly because of their unfavorable leverage. 

The entire “toe spreading reflex” may be simulated in both living and dead 
animals by pulling the dorsal skin of the pes in a' proximal direction. 

We have not studied the rabbit, in which, according to Altschul and Turner, 
the same conditions (excepting claw imsheathing) prevail as in the cat. In 
view, however, of their e\ddent misinterpretation respecting the latter animal, 
this has not been deemed necessary. 

suamARY 

1. The pedal interosseous muscles of the cat receive their motor innervation 
from the tibial nerv'e, and not from the common peroneal nerve as claimed by 
Altschul and Turner. 

/ 

2. These muscles, in contrast mth those of man, play no active part in spread- 
ing of the toes. Their action is, rather, to approximate the digits with flexion 
of the proximal and extension of the middle phalanges. 

3. The spreading of the toes and unsheathing of the claws is produced by 
muscles innenmted by the common peroneal nerve, especially musculi extensor 
digitorum brevis and peroneus digiti quinti. 
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The function of the extraocular muscles is kno'nm to be profoundly affected by 
disturbances of the thyroid gland. Weakness of the eye muscles, causing diplo- 
pia, and sometimes an almost complete paralysis of one or more of them, often 
attends hyperthyroidism. Exophthalmos which, in part at least, is dependent 
on alteration of thryoid function, has been characterized in one group of cases by 
the enlargement and pathological modification of the extraocular muscles (1). 
The fact that oxygen consumption of d3^strophic skeletal muscles, caused by 
dietary deficiencies, is affected (2, 3, 4), suggests that the metabolic rate of the 
eye muscles of h^^po- and hyperthyi-oid animals might indicate a basis for the 
frequent alterations which are associated "svith variations in the thyroid state and 
exophthalmos. The eye muscles seem to be particularly suited to tissue respira- 
tion studies, since their small size makes it possible to study the metabolism of a 
practically intact muscle. The simultaneous determination of the oxygen uptake 
of the extra-ocular and other muscles of the same animals permits a comparison 
of the quantitative effect of the thyroid hormone on the oxidative metabolism of 
different muscles. 

ExPEHiMENTAii. Besides the eye muscles, the latissimus dorsi and diaphragm 
were chosen for this study, since they represent quite different structural and 
functional types of muscle tissue. The extra-ocular muscles differ from other 
skeletal muscles in the amount of sarcoplasm, in the position of nuclei, some of 
which are centrally located, and in the coarseness of striations and the small size 
of the fibers. The ratio of nerve to muscle fibers is very high, which may be 
correlated with the extreme activity of these muscles and their abilitj’’ to make 
very precise movements. The latissimus dorsi is a much more typical skeletal 
muscle both in structure and in function. It is adaptable to metabolic studies 
because of its thinness. Diaphragm was selected because its regular and con- 
tinuous activity make it more comparable to the eye muscles, in this respect. 
Its thickness adapts the diaphragrn to studies on respiration; furthennore, many 
investigations of muscle metabolism have been conducted on it so that its behav- 
ior is well known. 

Oxygen consumption of the tissues Avas determined in a Warburg apparatus 
equipped with 10 ml . flasks. Each experiment consisted of paired deteiminations 
of the oxygen uptake of each of the three muscle types from one animal. Fifty 

‘ Aided by a grant from the Francis I. and Elizabeth C. Proctor Fund. The work on 
this paper was done at the Marine Biological Laboratory, Woods Hole, Mass. 
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to 75 mgm. of tissue were placed in 2 cc. of a salt solution made by mixing 2 cc.'of 
1.15 per cent KCl, 2 cc. of 1.22 per cent CaCb and 100 cc. of 0.9 per cent NaCl 
brought to pH7.4 by the addition of 10 cc. to 20 cc. phosphate buffer. Two 
hundred milligrams of glucose were added to 100 cc. of the above stock solution. 
All experiments were conducted in an atmosphere of oxj'^gen at 37.5° C. d= 0.5°. 

Twenty-one guinea pigs, six normal, six thj'Toidectomized, and nine injected 
with thyroxin, were used in this stud 3 ^ Each thyroidectomized animal was a 
littermate of one of the normal control animals. Some of the hyperthy- 
roid guinea pigs had littermates in the normal and thjToidectomized groups. 
Animals of all groups were autopsied at ages ranging from 72 to 122 days. The 
ages of the paired normal and thj’-roidectomized animals did not differ more than 
three days. The guinea pigs ivere thyroidectomized when from 8 to 18 days 
of age, and the completeness of the tigroid ablation was checked at autopsy by 
careful search for remnants ndth a binocular dissecting microscope. The few 
incomplete^'' thyroidectomized animals were not included in the data presented. 
Length :of the post-operative period varied from 57 to 67 days. Nine intact 
guinea pigs were injected with thyr-oxin (0.1 mgm. per day) for the 9 to 12 
days preceding autopsy. Subcutaneous injections were made on the abdomen, 
far from the region covered by the latissimus dorsi. The body weights of the 
normal, thyroxin injected, and thjToidectomized guinea pigs averaged 433, 365 
and 294 grams respectively and there was very little variation in these groups. 

The extra-ocular muscles (excepting the levator) of the right and left eyes were 
placed ih separate flasks. The two largest muscles were carefully split to in- 
crease the exposed surface. The two specimens of diaphragm were from the 
right and left sides and frpm the most dorsal and thinnest portions. The two 
specimens of the latissimus dorsi were prepared by splitting the muscles in such 
a way that a minimal number of fibers were injured. Very little tissue damage 
was'done, particularly in the eye and diaphragm preparations. In each of these, 
the muscles were cut at their point of origin, the tendon end remaining intact. 
The muscles were weighed rapidly on a torsion balance and placed in prepared 
respirometer flasks. The preparations were set up quickly, and the order 
in which ibe muscles were placed in the flasks was varied, so that the time factor 
was not greater in one than in another The thickness of the pieces of muscle 
tis.sue Avas determined, and the availability of o.xj’'gen to the cells in the central 
region of the muscle strips was calculated according to Krogh’s formula (5). It 
was found that all preparations Avere sufficiently thin for adequate oxygen diffu- 
sion. The respiration rate of the muscle samples was determined over a three- 
hour period, at the end of which the pH of the medium Avas tested, and the pieces 
of tissue placed on small, Aveighed pieces of coAurslips. The tissue was dried OA'^er 
night in an oven at 100°C, cooled in a desiccator, and AAuighed on a torsion bal- 
ance, to deteimine the solid content.. The ox 5 'gen consumption per hour was 
calculated in terms of cubic millimeters of oxj’-gen per milligram of tissue, both 
fresh and dry Aveight. The technique v'as checked by deteiminations of the oxyr: 
gen consumption of normal rat diaphragms. Values obtained Avere found 
to agree very well AAnth those cited in the literature. 

- My thanks are due Elizabeth Smelser for her assistance in this work. 
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Results, ' It was apparent after the first few experiments, that the oxygen 
consumption per unit weight of tissue was quite different in the three muscles 
studied, and that the oxygen requirement of normal e}^ muscles, in vitro, was 
I very high. The QOa (cu.mm. O 2 per mgm. of dry muscle per hr.) of the normal 
eye muscle was 87.6 per cent higher than that of diaphragm, and 187,5 per cent 

TABLE 1 


The oxygen consumption of muscles of normal, thyroideclomized and thyroxin injected guinea 

pigs 


DIAPHRAGM 1 

lATISSIMDS DORSI 

EXTBAOCCtAK ’ 

Normal 

Thytoid- 

ectomized 

1 Thyroxin 

1 injected 

Normal 

Thyroid- 

cctomizcd 

Thyroxin 

injected 

Normal 

Thyrqid- 

cctomizcd 

Thyroxin 

injected 


A. cu. mm, 0»/mgm. dry wt./hour 


4.5 

3.5 
4.0 
4.0 

4.5 
4.4 

2.9 

3.1 

2.7 

2.7 

3.0 

3.3 

1 

5.S 

4.9 

6.8 

7.9 

6.0 

7.4 

4.9 

6.5 

6.8 

3.1 

2.0 

2.7 

3.1 

2.7 

2.5 

i 

2.5 

2.5 

2.8 

2.2 

1.7 

3.3 

! 

3.3 

3.2 

3.1 

3.9 

3.5 

4.0 

3.2 

3.3 

2.4 

8.0 

7.1 

7,6 

7,9 

7.8 

8.0 

7.4 

7.7 

6.4 

6.5 

7.1 

8.2 

7.8 
7.1 

8.8 
9.3 

7.5 
9.0 

8.6 
8.7 

10.4 

Mean.' 4.15 

2.95 

6.3 

2.7 

2.5 

3.3 

7.7 

7.2 

8.6 

ejir: 0.16 

0.10 

0.34 

0.17 

0.23 

0.25 

0.15 

0.30 

0.34 

B. cu. mm. Oj/mgm. fresh wt./hour 

0.63 

0.45 

1.00 

0.42 

0.27 


0.92 

0.83 

! 1.13 

0.57 

0.46 

0.95 

0.28 

0.23 

m 

0.97 

0.8S 

' 1.03 

0.62 

0.41 ! 

1.09 

0.39 

0.30 

0.36 

1.02 

0.72 

1.10 

0.59 

0.37 

1,35 

0.35 

0.23 

0.48 

0.95 

0.75 

1.27 

0.79 

0.47 

0.93 

0.41 

0.23 

0.51 

0.94 

0.84 

1.19 

0.67 

0.47 

1.40 

0..31 

0.22 

0.61 

1.11 

0.90 

1.40 ■ 



0.88 



0,46 



1.08 



0.95 



0.56 



1.11 



1.03 



0.31 



1.28 

Mean: 0.64 

0.44 

1.06 

0.36 i 

0.25 

0.49 

0.98 

0.82 

1.18 

e.v: 0.03 

0.014 

0.06 

0.02 

0.01 

0.03 

0.028 

0.028 

0.04 


- . / 2 ^- 
y n(n - 1) 

greater than that of the latissimus dorsi muscle of the same animals (table 1). 
These differences were consistent, and there was no overlapping of the values ob- 
tained for the three muscles. 

Injection of thyroxin affected the QOa of all three muscles, but not to the same 
degree. Oxj’gen consumption of the diaphragm was increased greatly (53 per 
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cent) , whereas that of the eye muscles was much less affected (1 1 per cent) . Physi- 
cal conditions did not prevent a greater increase in oxygen consumption of the 
ej’-e muscles, for even at this liigher rate of oxj’-gen use the rate of diffusion of gases 
through the tissue was adequate. In addition, the eye muscles of the h 3 qDer- 
thyroid animals were 16 per cent less in weight than in the normal animals. The 
increase in QOo of the latissiraus dorsi was intermediate (24 per cent) between that 
of the diaphragm and eye muscles. 

Thyroid ablation led to a marked but differential decrease in' the QOo of all 
muscles. Again, the diaphragm was the most markedly affected, shoving a de- 
crease in oxygen consumption of 32 per cent based on the fresh tissue. The 
metabolism of the eye muscles of the thyroidectomized guinea pigs decreased 
shghtly (17 per cent) in terms of the fresh tissue weight but showed only an in- 
significant change on the basis of the diy tissue weight. A very definite and 
statistically valid decrease in oxygen consumption of the latissimus muscle of the 
thyroidectomized animals occurred (32 per cent) in tenns of fresh tissue weight. 
However, thyroid ablation also led to such a marked increase in the water con- 

TABLE 2 


The average solids per 100 mgm. fresh weight of muscle from normal, ihyroideclomized and 

thyroxin injected guinea pigs 


MUSCLE 

THYROIDECTOMIZED 

12 SPECaiEKS 

NOEMAI. 12 SPFaUEVS 

TUVROXIN nijECTED 

18 SPECLMENS 

Diaphragm 

Latissimus dorsi 

Extra-ocular 

mgm. 

15.1 

10.3 

11.5 

*.u 

0.4 

0.67 

0.15 

mgm. 

15.9 
j 13.5 
12.6 

Mr 

0.43 

0.6 

0.25 

vism, 

17.0 

14.4 

14.2 

0.41 

0.6 

i 0.32 

1 


tent of this muscle that the solid constituent decreased 24 per cent, consequently 
the oxygen used per milligi’am of ti.ssue solids was not significant!}^ decreased. 

The several muscles thus vary in their metabolic rate, and m the effect of the 
thyroid on this rate. They also differ in water content and in the effect that 
variations in the amount of thyroid limmonc have on the tissue water balance. 

The change in tissue solids of these muscles resulting from thjToxin injection 
and thyroid ablation is given in table 2. The diaphragm, the QO 2 of which was 
the most markedly affected liy changes in the available thyroid hormone, was 
quite stable relative to its water content. The percentage of solid material 
found in the diaphragm was not significantly different from normal in the thyroid- 
ectomized or h}q)erthyroid groups. The solid content of the eye muscles, how- 
ever,, was decreased in the thyroidectomized (9 per cent), and increased (if per 
cent) in the hyjDerthyi-oid animals. The thjTOxin injections failed significant!}’’ to 
change the proportion of solids contained in the latissimus dorsi, but thyroid 
ablation caused a greater decrease (24 per cent) in such solids than was found in 
the eye muscles. That the guinea pigs in these experiments w’ere thyroidecto- 
mized when veiy young may in part account for the marked effect on the water/ 
solids ratio in these tissues. Thyroid ablation in adult animals in other experi- 
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ments did not result in as gi’eat an increase in the water content of the eye muscles 

( 6 ). 

Discussion. The data reported here show that the eye muscles have an ex- 
ceedingly high resphation rate even approaching that of some epithelial tissues, 
such as rabbit pancreas or rat placenta (7, 8). The QO 2 of these muscles may be 
correlated ivitli their acthdty and the precision of their movements. A veiy high 
QO 2 was found in another active muscle, the larjmgeal, by Alwall (9). 

However, the variable degree in which the thyroid hormone affects the metab- 
olism of different muscles seems of great significance. The present data are in 
substantial agreement vdth the reports of Foster (10), Dye (11) and Davis (12), 
who showed that thyroid ablation and th^Toid administration affected the QO 2 
of muscle tissue. Although the injection of thjToxin increases the oxygen con- 
sumption of muscle tissue the increase is not unifonn in all muscles. Apparently 
that portion of the metabolic system which is acted upon by the thyroid hormone 
varies quantitatively in different muscles. In the eye muscles it seems to form 
a very small proportion of the total, as represented b}’’ oxygen consumption. 
This is shown in both e.xperiments after thyroid ablation and thyroxin administra- 
tion. The effect of the thyroid hormone on the metabolic rate of different mus- 
, cles bears no relation to the activity or the normal rate of metabolism of this 
tissue. In these e.xperiments the diaphragm was 'the most sensitive to the dep- 
rivation or administration of thyroid but was intermediate in its normal oxygen 
consumption and probably in activity also. 

The present data are capable of quite different interpretations, depending on 
whether the results are based upon the fresh or dry weight of the tissues. It is 
difficult to determine whether the QO3 based on dry or fresh weight of the latis- 
simus dorsi and extraocular muscles represents more exactly the true oxygen con- 
sumption of these tissues in the th 5 woidectomized animals. If the increase in 
water were largely in the foim of an edema it could be considered inert, meta- 
bolically , and the situation would be somewhat comparable to the fatty infiltration 
of the liver (13) in which the proportion of liver cells was simply reduced. No 
histological examinations have been made of the latissimus muscles, but a small 
amount of stainable interstitial fluid occurs in the eye muscles of hypothyroid 
guinea pigs (14). , 

Since variations in amount of thyroid hormone affected the QOj of the eye 
muscles so slightlyq in comparison vith the diaphragm, it seems that the changes 
in these muscles, which so frequently occur in thyroid disease, are not due directly 
to the amount of thjwoid hoimone in the circulation although it is possible that 
the influence of this hormone on the water balance of different muscles may be a 
causative factor. As stated earlier the thyroid hormone had but little affect on 
the water content of the diaphragm, but had a pronounced effect on the eye 
muscles. In experimental exophthalmos, the major structural change observed 
in the eye muscles has been the abnoimal amount of water between the muscle 

fibers (15). 

The eye muscles possessed a higher metabolic rate, m all animals, than did the 
other muscles, but the difference was much less in the hyperthyroid ani- 
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mals. This was, of course, due to the great sensitivity of the diaphragm metab- 
olism, and the lack of response of the eye muscle metabolic system to the thyroid 
hormone. Apparently the metabolism of muscle tissue, as expressed by oxygen 
consmnption, is the summation of the function of enzyme systems, some of which 
are rendered more active or are increased in amount by the thyroid hormone. 
This thyroid sensitive component is probably present in all muscles, but is a very 
important one, quantitatively, in the diaphra^, and almost negligible in the 
metabolic system of the extraocular muscles. 

CONCLUSIONS 

The oxygen consumption of the extraocular muscles in normal guinea pigs is 
much higher than that of the other muscles studied. This difference is less in the 
muscles of thyroxin treated animals. The effect of the thyroid hormone on the 
water content of muscle tissue appears to vary in different muscles, and to be 
entirely separate from its effect on their metabolism. Although the thjrroid hor- 
mone markedly increased oxygen consmnption of the diaphragm, it has very 
little effect on that of eye muscle. This suggests that the enzjnne systems which 
are the site of action of the thyroid hormone, are present in variable amounts, or 
activity, in different muscle tissues. 
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The author has reported recently (1) that the daily administration of choline 
chloride to normal dogs produced a significant depression of their red blood cell 
counts within 10 to 15 days, presumably by decreasing the rate of erylhropoiesis. 

This paper proposes to report an accentuation of this anemia by the administra- 
tion of more than one dose of choline daily, and the response of this anemia to 
liver injection U.S.P. and stomach U.S.P. 

Procedure. Seven dogs were maintained on a diet of Purina Dog Chow and 
rolled oats, with water ad libitum. This diet is adequate in the sense that dogs 
remain healthy and maintain or gain weight, even when kept on it for many 
months. Two of our dogs have thrived on this diet in our laboratory for over 
two years. 

Red blood cell counts and hemoglobin percentages (Hellige) ■were determined 
frequently, and total leukoc 3 ’’te counts, hematocrit readings (Van Allen) and 
reticulocyte percentages were determined at least occasionally. Blood samples 
for these determinations were drawn from the external saphenous veins of the 
dogs while they were lying upon a table, blindfolded, in an miexcited and fairly 
basal condition, at least 7 (and usually'' 11) hours after any previous administra- 
tion of drugs or food. 

To produce the anemia, four of the dogs were given one dose of choline hydro- 
chloride- daily (10 ragm. per kgm) by stomach tube at the start of the exiseriment 
and for at least 25 days. Then after a definite anemia had been established, 
they were put on two daily doses, each of 10 mgm. per kgm. of body weight. 
After a lower red cell level had been reached on this regime, a third daily dose was 
added to each dog’s program. The single doses were kept at constant magnitude 
(i.e., 10 mgm. per kgm.) and they’’ were spaced about 6 or 7 hours apart during the 
day. iVlthough the program was occasionally’' varied slightly, doses were given 
usually at 9 a.m., 4 p.m. and 11 p.m. daily, -including Sundays and holidays. 
One other dog was “Accelerated” by being put on 2 daily doses of choline 7 days 
after the start of medication, and on 3 daily doses beginning on the 26th day of 
medication. Two other dogs, who were new and not well acclimated to this 
laboratory, were given 3 daily doses of choline from the outset of their e.xperi- 
ments and continued thereon. 

Liver injection, U.S.P., was administered to three dogs after their anemias 
had reached an apparent maximum. It consisted chiefly of the daily intra- 

‘ Research paper no. 551, journal series, University of Arkansas. 

* Part of the choline chloride used in these experiments was a gift from the Lcderle 
Laboratories, New York, New 1. ork. 


402 



EXPERIMENTAL HYPERCHROMIC ANEMIA 


-403 


muscular injection of 2 cc. of a purified solution of liver containing 1 U.S.P. 
unit per cc.® One dog, however, received 0.5 cc. of 'a solution containing 15 
U.S.P. units per cc., daily for 7 days. Choline feeding was continued at the 
regular rate throughout the periods of liver administration . 

Stomach U.S.P. ('i^'entriculin'*) ivas fed to one dog m daily doses of 20 grams, 
in addition to choline, after his anemia had been established. 

Atropine sulfate (0.5 mgm. per kgm.) ivas given in dilute solution by stomach 
tube to one anemic dog 3 times daily, iu addition to the three daily doses of 
choline. 

Results. Figure 1 shows the red bloody cell counts of 5 dogs during the 
development of their anemias by choline feeding. It will be seen that the 
erythrocyte numbers of these dogs were reduced finally bj" 30 to 43 per cent, due 
to choline administration. Hemoglobin percentages were reduced, but not so 
greatly, and indeed not proportionatel 3 ^ Table 1 shows the status of the color 
' index at different levels of the red cell counts in 2 dogs. For the purpose of com- 
puting the color index, the author has arbitrarily placed the dog’s normal red 
blood cell count at 6 million, and the normal value for 100 per cent hemoglobin 
at 13 grams per 100 cc. of blood (or 90 per cent on the Wintrobe scale). This 
was done after inspecting data in articles by Wintrobe (2) and Van Loon and 
Clark (3) and also data assembled by this author. This anemia may be classed 
as macrocytic in t 3 ^pe, since we found relative volume indices of 1.18 and 1.45 
in 2 dogs in winch it was calculated. Total leukocyte counts did not change 
much although they were obseiwed to be diminished by about 12 per cent in three 
dogs. Reticulocyte percentages during the anemia varied from about 0,05 per 
cent to 0.6 per cent. 

Gastric juice containing free hydrochloric acid was obtained from two dogs 
after an alcohol test meal or histamine injection. In three others no significant 
amount of juice was obtained, but this may have been due to imperfect technique. 

Figure 2 shows the response of the anemia to purified solution of liver, which 
was injected intramuscularly into 3 dogs (long dashes, fig. 2). Two of the 
animals received 2 units daily for about 27 days, and they responded by regener- 
ating at least 85 per cent of their red blood cell deficits during this time in spite 
of continued choline feeding. Hemoglobin regeneration lagged behind the 
erythrocyte production. One dog (fig. 2) served as a control for 3 weeks, and was 
then given a potent liver solution (15 units per cc.) in the dosage of 7^ units per 
day, intramuscularly. He responded with a rapid rise in red cell count wathin, 
the 7 days during which he was observed. Reticulocyte percentages arose to 
only 1.5 to 2.3 in these dogs during liver therapy. The sixth day of therapy 
showed peak reticulocytosis. 

One dog was given atropine sulfate 3 times daily in addition to regular doses 
of choline. As mil be seen in figure 2 (short dashes), this animal showed a red 
blood cell count increase that very closely resembled those obtained in the liver 
treated dogs. Hemoglobin percentage increased, but not as gi’eatly or as fast 

* "Campolon” was generously supplied by Winthrop Chemical Co., New York, New 
York. 

* Ventriculin was kindly supplied by Parke-Davis & Co., Detroit, Michigan.’ 
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as the red cell number. The reticulocyte percentage reached only 1.1 per cent 
on the 8th day of atropine administration. 

Ventriculin was fed one anemic dog in a daily dose of 20 grams for 12 days. 
In this time his erythrocyte number and hemoglobin percentage returned to its 
normal value, in spite of continued choline administration. On the 7th day of 
therapy, his reticulocyte percentage was determined to be 2.4, 

RBC 



Fig. 1, Red blood cell counts obtained on five dogs during the development of choline 
anemia. 2 indicates commencement of the administration of tvi'o doses daily of choline. 
S indicates start of 3 doses daily for each dog as indicated. 

TABLE 1 


Color index changes in two anemic dogs treated hy liver injection 



DOC 4 

DOC 9 

RBC 

millions 

Hemoglobin 
per cent 

C.I. 

RBC 

millions 

Hemoglobin 
per cent 

C. I. 

Normal control values 

6.04 

90 

1.01 


85 

1.03 

During anemia 

3.51 

C4 

1.22 


58 

1.10 

During liver therapy 

4.50 

72 

l.OG 

4.45 

64 ■ 

0.96 


5.10 

75 

0.9S 

4.75 

66 

0.92 


5.50 

so 

0.97 


68 

0.91 


Discussion. It appears in figure 1 that the use of more than one dose of 
choline daily augments the anemia that is produced by one dose daily. We have 
taken one anemic dog which had been receiving 3 daily doses of 100 mgm. each, 
and put him on a schedule in which he received only one large dose of 600 mgm. 
daily (not shmvn) , He responded with a rise in his red cell count after about one 
wecL Furthermore we have previously found that doubling the single daily 
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dose of choline did not increase its action in reducing experimental polycythemia. 
These facts lead us to believe that the magnitude of the response to choline is a 
fimetion of the time of exposure to its action. 

RBC 

MILUOHS 



Fig. 2. The effect of liver injection or atropine upon anemic dogs. Long dashes indicate 
periods of liver administration in 3 dogs. Short dashes indicate simultaneous administra- 
tion of atropine sulfate with choline in one dog. 

RBC 



Fig. 3. The effect of stomach U.S.P. on the erythrocyte number of one anemic dog. 

We believe, as weiiave stated previously (1,4), that choline depresses erythrop- 
oiesis by increasing the blood and oxygen supply to bone marrow, through its 
vasodilator action. Since atropine antagonises the action of choline in these 
experiments (fig. 2) and in experiments reported pre\dously (4) the action of the 
latter must be a muscarinic action. We believe that the important action must 
be vasodilataiion. especially in view of our previous experiments (4, 5) in which 
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other vasodilator drugs such as nitrites, aminopliylline and certain choline estera 
and ethers were shown to bo effective in reducing experimental polycythemias. 

We cannot say that it is the anti-pernicious anemia principle that causes the 
regeneration of red blood cells in these experiments, although such a conclusion 
is suggested by the fact that two brands of purified solution of liver, as well as 
ventriculin, were effective in returning the erjdhrocyte numbers virtually to 
normal. 

We do not know the mechanism by which liver and stomach, U.S.P., cause a 
remission of this “choline anemia.” The remission resembles superficially, at 
least, that induced by atropine in one dog of our series. In acute, experiments 
we have been unable to find evidence for an}' atropine-like action or any circula- 
tory action in highly potent purified solutions of liver. We were unable to find 
any evidence for the presence of choline oxidase in the liver solutions, as was 
perhaps to be expected since this enzyme is not very extractable from liver (6). 
It seems quite possible to the author that liver injection may contain or form a 
synthesizing enzyme which removes free choline. 

The possibility exists that dogs nith choline-induced anemia could be used 
for the biological assay of anti-pcmicious anemia preparations. 

It should be pointed out, however, that great care must be taken to draw 
blood samples only when the animals are unexcited and in a resting state, if 
expeiimcnts of this sort are to be succes-sfully conducted. 

CON'CLUSIONS 

The oral administration of 3 doses daily of choline chloride (10 mgra. per kgm. 
each) to 5 dogs produced reductions of from 30 to 43 per cent in their red blood 
cell counts. Milder anemia.s were produced in 2 other animals. The anemias, so 
produced, are hyperchromic and probably are the result of a depression of 
eiythropoiesis. 

The intramuscular injection of adequate doses of purified solutions of liver 
into 3 anemic dogs caused their erythrocyte numbers to respond with increases 
which were marked by the 7th day, and (in two animals) approximated normal 
after 4 weeks. These responses occuri-cd in spite of continued choline adminis- 
tration. 

Stomach, U.S.P., fed in daily doses of 20 grams to one mildly anemic dog, 
caused a retuni of his red cell number and hemoglobin percentage to normal 
within 12 days, in spite of continued choline feeding. 

The oral administration of atropine sulfate 3 times daily to one anemic dog 
' caused his red cell count to return to normal in 4 weeks in spite of continued 
choline feeding. 
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A generalized increase in “capillaiy permeability” is considered a critical 
factor in those theories of traumatic shock which picture as a vicious cycle the . 
progressive, physiological disorder involidng the circulatory system primarily. 
(Roome; Bell, Clark and Cuthbertson; Ki'ogh; Meek; Harkins; Moon.) In- 
crease in capillary permeability in this connection refers to a contiguous leakage 
of fluid and plasma proteins from the vascular system which perpetuates the 
oligemia and leads to the irreversible stage of shock followed by death. The 
chief findings which are attributed to an alteration of the normal capillary 
permeability in shock are a, progressive hemoconcentration; 6, increased move- 
ment of fluid across the vascular membrane observed in isolated capillary beds, 
and c, the presence of edema revealed by histological examinatibn of tissues at 
autopsy. Such evidence has been presented -mamly in the form of a qualitative 
description. 

The present study had for its objective the quantitative evaluation of normal 
capillary permeability, and the determination of the effect of traumatic shock 
upon it. Such evaluations call for precise definitions, and it soon became 
apparent that the expression “capillary permeability” is used very loosely. . 
This ambiguity is easily understood when one considers the numerous factors 
which may influence the rate of passage of substances across the capillary 
membrane: 1, the size of particles or molecules Avhich will pass through the 
capillary wall; 2, body temperature as it affects capillary endothelium; 3, hydro- 
' gen ion concentration of the tissue fluids which affects the electrical potentials 
of the capillary membrane; 4, the area of vascular surface available for inter- 
change between blood and extravascul'ar fluid; 5, the rate of blood flow through ' 
the capillaries; G, the relative size of the vascular and extravascular fluid com- 
partments available for the dilution of various substances; 7, the balance be- 
tween colloid osmotic pressure and capillary blood pressure; 8, the magnitude of 
tissue pressure which controls excessive filtration of fluid; 9, the activity of 
hormones which may aid specifically in the control of the exchange of fluids, 
ions and molecules across the capillary wall. Admittedly this list must be 
incomplete. These factors, which are not necessarib'" independent but may be 
intimately correlated, are influential in determining the rate of transcapillary 
movement under normal conditions; in pathological states, the effect of noxious 

* Aided by a grant from the Committee on Medical Research of the Office of Scientific 
Research and Development. 

» Henry Strong Dennison Scholar, 1939-40; 1940-41. 
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agents on the capillaiy membrane, anoxemia, acidosis and alkalosis, etc., ma}' 
also be significant in producing an alteration in this rate. 

ICrogh has defined the absolute capillaiy permeability as the limit of size of 
particles and molecules which ivill just pass through the capillaiy wall. In 
traumatic shock there is an increase of the absolute capillaiy permeability as 
evidenced by the excessive loss of plasma proteins. Whether this alteration is 
generalized or merely localized to the site of injury has not been definitely 
settled. 

In any case, since absolute capillaiy pei-meability is only one of many factors 
influencing the physiological exchange of substances across the capillaiy mem- 
brane, it is profitable to consider the membrane not as something divorced from 
the rest of the body but as a part of the system in which it is operating. The 
rate of movement of substances which cross the capillary membrane freely in 
normal conditions gives a quantitative measure of normal exchange and a base 
line for evaluating a similar measure under pathological conditions such as 
shock. Any alteration in the rate which may be observed in shock may be due 
to a change in one factor or several in the system. The experiments to be de- 
scribed led to an estimation of the rate of exchange of ionic sodium between the 
plasma and extravascular fluids in the normal dog, in the animal in shock, and 
in the shocked’ dog following replacement therapy. 

Materials and methods. Normal. The deteimination of the rate of ex- 
change of sodium between the plasma and extravascular fluids was based upon 
two separate series of experiments, one pertaining to the time change of the 
concentration in the plasma of intravenously injected radioactive sodium, and 
the other to the time change in concentration in other parts of the body. The 
chief evidence was obtained from the ob.seiwations on plasma concentration, and 
these will be described first. 

Sixty-four experiments were performed on 43 mongrel, adult dogs. Prelimi- 
naiy experiments indicated that -there was no perceptible effect on the results 
when animals were anesthetized with ether, morphine, or nembutal; in the main 
body of experiments, therefore, intravenous nembutal (30 mgm. per kilo, body 
weight) was used. The saphenous artery and femoral vein were exposed. 
Radioactive sodium present as the chloride (Na‘^Cl) was injected into the femoral 
vein in strengths varying from 0.1 millicurie to 0.3 millicurie. Samples of blood 
varying from 2 cc, to 5 cc. were removed by arteriopuncture. Since blood 
samples were removed at short intervals, it was important to avoid stasis of the 
circulation at the site of removal. The saphenous artery, a small but con.stant 
branch of the femoral artery (Ellenberger and Baum), was therefore exposed 
at its ori^ just proximal to the entrance of the femoral artery into Hunter’s 
canah By inserting the needle first into the saphenou.s artery and then passing 
it into the femoral artery, it was possible to sample the main femoral arterial 
blood without at any time having to impede the circulation in order to control 
bleeding. The mea.surement of the radioactivity was made on 1 cc. samples 
of plasma in a pres.sui-e ionization cliiimber string electrometer apparatus (Fiex- 
ner and Pohl). 
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■ The observatioiis on the time change of concentration of radioactive sodium 
in the plasma were made at intervals from 0.5 minute after intravenous injection 
of Na’^Cl to 120 minutes. The mixing time of intravenously injected dyes has 
been reported as varying from 5 minutes to 40 minutes in the dog. Since- a 
major portion of the equilibration reaction of intravenously’" injected Na”^ stakes 
place within the first 5 minutes after its injection, it was important to establish 
its mixing time in order to know when observations were valid for determining 
the rate of equilibration. Two issues were examined relative to this question: 
1, the point in time at which obseiwations first showed stability as evidenced by 
lying on the time concentration cur\'"e Avhich described later values, and 2, the 
time interval after injection at which simultaneous samples of blood secured 
from widely separated areas of the body showed identical concentrations of Na^^. 
Thirty -eight experiments were performed in which samples of blood were secured 
by arteriopuncture 30 seconds after injection of the radioactive sodium and at 
subsequent times up to 120 minutes. In every instance, the value at one-half 
minute -fell on the time-concentration curve which described the later values. 
In three experiments, simultaneous samples of blood were taken from the femoral 
artery of one extremity and the femoral vein of the other extremity from one 
half minute after injection of Na-^Cl to 120 minutes. The concentrations of 
radioactivity present in the arterial and venous plasma were, Avithin the limits, 
of error of measurement (3 per cent), indistinguishable in all samples. We con- 
cluded therefore that the mixing of Na*^ was complete at one-half minute after 
intravenous injection in the normal dog. 

In order to complement the observations on plasma concentration, observa- 
tions were made on the change in concentration of Na^^ vith respect to time in 
the extravascular fluids. This was done by determining the distiibution of Na*^ 
in selected tissues at various time intervals after injection. Radioactive sodium 
was injected intravenously in 18 dogs under nembutal anesthesia; after a known 
time interval they Avere sacrificed by decapitation. They AA’ere suspended in the 
air by their feet in order to facilitate the rapid drainage of the blood, and the 
tissues to be examined AA’ere removed as expeditiously as possible in order to 
prevent postmortem shifts of electrolytes. After AA’eighing the tissues, they were 
ashed at red heat AA’ith sulfuric acid. The radioactmty present in the ash was 
measured by the apparatus preAUOusly desciibed. . 

Untreated shock. Shock was produced by muscle crushing according to the’ 
technique described by Duncan and Blalock. Approximately 800 pounds of 
pressure AA'ere applied to a ridged press which stretched and crushed the thigh 
muscles of one leg. The animals Avere anesthetized Avith intravenous nembutal 
(30 mgm./kgm. body’" AA’t.). "Supplementary narcosis was provided by subcuta- 
neous morphine and/or nembutal Avhen indicated. The shock press was routinely 
applied for 5 hours. No sedation AA’as giv^en after the fourth hour. One hour 
after the removal of the press, Na-^ AA^as given intravenously and samples of blood 
secured as in the normal series. The time for complete mixing of Na’^Cl in 
shock, estimated in the same AA'ay’^ as in the normal series, Avas found to be ap- 
proximately’^ one minute after intravenous injection. - 
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In preliminary experiments it had been found that within the first hour after 
removing the press the blood pressure declined 30 to 50 mm. Hg. In our experi- 
ence, 70 per cent of the animals shocked b}-- this method expired within 8 hours 
after discontinuation of the trauma; 90 per cent were dead within 24 hours. 
The remaining animals died in several days from gas gangrene infections.' This 
agrees well with the observations of Duncan and Blalock. Because of the uni- 
formity with which .shock Avas produced by this method, as indicated b}' the 
survival time, it was not thought necessar}’- to cany out extensive laborator}' 
procedures to confirm the diagnosis of shock. Such easily, observed clinical 
features as the character of the re.spirations, the pulse rate, the appearance of 
the mucous membranes and the external bodj’- temperature, provided a satis- 
factory measure of the depth of shock in the untreated animals. Twenty-nine 
dogs were used for the determination of the rate of sodium exchange. 

The distribution of Na-^ in the tissues at various time inten'als after intra- 
venous injection Avas determined as in the noimal dogs. Shock Avas produced 
by muscle crushing, and the experiments AA'ere routinelj’- started one hour after 
removal of the prc.S3. Fifteen dogs AAm'e used in these deteiminations. 

Treated shock. In the determination of the effect of therapy on the rate of 
sodium exchange betAveen plasma and extravascular fluids in shock, saline and 
serum were chosen as the therapeutic agents. Ten animals Avere used in each 
series. Shock Avas produced in the usual manner. One hour after removal of 
the press, a volume of isotonic saline or fresh dog serum equal to 5 per cent of 
the animal's body weight Avas giA'en intravenousljn Senim Avas administered 
rather than plasma in order to aAmid any possible effects b}’’ anticoagulants on 
the rate of exchange. The blood pressure and a hematocrit i-eading Avere taken 
immediately before the parenteral fluid administration, and repeated 10 minutes 
after the completion of the therapy. Radioactive sodium Avas injected "intra- 
venously immediately thereafter and samples of blood secured in the usual 
manner. 

The clinical appearance of the animals shoAved a striking improA'ement folIoAA'- 
ing the replacement therap 3 ^ In each instance the animal roused from his semi- 
stuporous state. The mucous membranes of the mouth, AA'hich invariably were 
cold and pale in the untreated animal, became pink, moist, and Avarm. The 
hematocrit reading .shoAved the expected drop to normal or beloAV normal levels. 
The blood pressure response in the saline treated animals A\’as less spectacular. 
In two of the animals receiving saline, the pressure remained unchanged. In 
the other dogs the mean systolic pressure aa'Iis increased from 10 mm. Hg to 
50 mm. Hg over the Ica-’cI just prior to venoclj'sis, and the average increase for 
the entire group AV'as just 15 per cent. The mean .systolic blood pressure of the 
animals receiving serum showed a moi'c satisfactorj’- response to the treatment. 
The pressure rose in every case and the average increase Avas 35 per cent over 
the pretreatment readings. In spite of the improved clinical appearance, 19 out 
of the 20 animals died Avithin 48 hours. 

RE.sunTS. Normal. The time change in concentration of radioacth'e sodium 
in the plasma in the normal animal folIoAving intravenous injection has been 
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studied in 64 experiments and Jias been found in every case to have the same 
general form, namely, a J-shaped cm-ve with a steadj’’ decline to equilibrium. 
From 90 minutes after injection to 120 minutes the' concentrations remain level, 
and the 120 minute value was therefore considered the equilibrium concentra- 
tion. It is recognized that this is not a true equilibrium, for penetration of 
certain tissues, such .as bone and the erythrocytes, continues to take place for 
24 hours at least. Relative to the reaction we are considering, the continued 
slow penetration of Na^^ into such tissues over a period of 24 hours plays a 
negligible r61e and therefore the rate at which the concentrations approach the 
level attained at 120 minutes has been analyzed. 

In order to get greater stability from the observations than was possible in a 
single experiment, the obseiwations from all 64 experiments were averaged. 
Before doing this, the experiments were examined for certain issues with regard 
to homogeneity of the material, for under some conditions of variability it is 
possible to have an average curve which is not characteristic of the indh'idual 
experiments. An analysis of 32 rate determinations made on 11 dogs, where 
repeat rates were performed from 2 hours to 10 days after the initial rate deter- 
mination, showed that the repeat rates determined on the same animal were as 
variable as rates determined on different animals. This, together with the fact 
that the average of the individual rates was essentially the same- as the rate 
determined by averaging the observations, indicates that it was possible to 
average without doing violence to the material. 

The difference in the weights of the animals and in the amount of Na^'* injected 
necessitated putting all of the observations on a common basis.' This was done 
by scaling the observed concentration at 120 minutes to 1000 /3-rays per sec. 
per cubic centimeter plasma for every animal and adjusting aU of the other 
concentrations accordingly. Since 120 minutes was also taken as the “equilib- 
rium” time, 1000 became the equilibrium value. 

Plotted in figure 1, it is seen that the obseiwed points form a very smooth 
pattern. The fitted curve, from which the calculated values of table 1 are 
derived, is discussed below. It was the objective of the quantitative analysis 
to study the rate of equilibration of these concentrations and to see what this 
implied as to the rate of transfer of sodium across the capillary membrane. 

The analysis reveals at once that more than a single rate is involved because 
the difference between the observed concentrations and the equilibrium value 
is not linear on logarithmic paper. It was found, however, that two rates 
sufficed to describe the entire series of concentrations from 0.5 minute to 120 
minutes. 

In considering the way sodium may be exchanged across the capillary and cell 
membranes to account for these two rates, three hypotheses were examined: 
first, that there is another reservoir besides the plasma and interstitial fluid into 
which Na-^ is distributed at a different rate from the transcapillary exchange; 
second, that the sodium passes across the vascular membrane into the inter- 
stitial fluid and then across the cell membrane, these two transfers taking place 
at different rates; third, that the two rate-s are produced by a differential rate of 




Fig. 1. Time change in plasma concentration of Is a** following intravenous injection in 
normal dogs. 

Fig, 2. Time change in plasma concentration of Na^^ following intravenous injection in 
untreated shocked dogs. 


TABLE 1 


Time change in concentration of Nd-*~in pla&ma — normal 
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transfer across the capillaiy wall in different parts of the system. Various ex- 
periments were carried out to produce evidence on this matter. 

Our first tentative hypothesis was that the eiythrocytes constituted an addi- 
tional reservoir and that the exchange of Na-"* across the red cell membrane was 
at an entirety different rate from that of the exchange between plasma and 
interstitial fluid. To test this, the amount of penetration of Na"’ into the eryth- 
rocytes was determined at intervals after intravenous injection, and also ly 
in vitro experiments; it was found to be appreciable during the time interval of 
the experiments (2 hrs.). To assess the importance of the red cell penetration 
in accounting for the observed concentration curves, the rate of disappearance 
of Na^'*^ from the blood stream of dogs with drastically reduced red cell volumes 
was studied. Three animals were bled, the blood loss being replaced by an 
equal volume of plasma until the hematocrit was reduced 50 per cent or more. 
In one dog, the hematocrit was reduced to 6 to 8 per cent by controlled hemor- 
rhage and infusion of hemoglobin-Ringer solution prepared according to the 
technique of Amberson. In eveiy case, the rate of disappearance of Na-"* pro- 
ceeded along a double exponential curve which was essentially the same as the 
control curve. From these experiments we concluded that the penetration of 
Na^^ into the red blood cells is not an appreciable factor in accounting for the 
two rates. 

The second hypothesis tested was that other cells besides the erythroc 3 ’’tes 
constituted an additional reservou’ for the Na-* and that the two observed rates 
were explained by an exchange of Na-‘ between the plasma and the interstitial 
-fluid, followed bj’^ an exchange at a different rate between the interstitial fluid 
and the cells. This hypothesis was difficult to examine direetty, but various 
indu’ect tests were applied. We assumed that chloride is “essentially” an extra- 
cellular ion. “Essentialty” is used advisedly because Maneiy and Hastings, 
Amberson and others have presented evidence which indicates that in certain 
tissues chloride is both intra- and extracellular. The argument was, then, that 
if the two rates observed in the disappearance of Na’'* from the blood stream 
were due to its passage first into the extracellular fluid and from there into the 
water of the body cells, the disappearance of the “essentialty” extracellular 
chloride ion from the blood stream should proceed at a single exponential rate. 
In one experiment, radioactive chloride present as the sodium salt (NaCP®) was 
injected intravenously and the curve of equilibration in the plasma was found 
to involve two rates. Because of the difficulty of working with radioactive 
chloride ions (half-life 37 min.), radioactive bromine was substituted, since it 
has the same distribution in the animal body as the chloride ion (Wallace and 
Brodie). The rate of equilibration of radioactive bromine (Br®^) was studied in 
three experiments. In each case the observations were described bj’- a double . 
exponential curve. These experiments did not deny the possibility of the hj"-- 
pothesis to be tested, but they suggested that some other explanation was 
involved. 

The third ty'^pothesis, that there is a differential rate of transfer aci’oss the 
vascular membrane in different parts of the body, was examined in two ways. 
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In four experiments, the disappearance of intravenously injected from the 
blood stream and, simultaneously, its appearance in the cerebrospinal fluid, were 
observed. In these experiments, the curve describing the appearance of Na®^ 
in the spinal fluid showed a very gradual rise toward equilibrium when com- 
pared ivith the steep decline in the blood concentrations. These experiments 
confirm the similar observations made by Greenberg, Aird, Boelter, Campbell, 
Cohn and Murayaraa. Even more illuminating was the study of the distribu- 
tion of Na^^ in the body at intervals after injection. This will be presented in 
detail in a later part of the paper. These experiments indicated that the third 
hypothesis was acceptable and it is therefore the basis for the interpretation of 
the form of the relationship of change of concentration of radioactive sodium in 
the plasma and time. 

A restatement of the hypothesis is that, whatever the variation in rates of 
exchange of sodium across the capillary membrane in different parts of the body, 
two distinct rates are both necessaiy and sufficient to summarize the principal 
features of the exchange throughout the system. It is obvious that in any 
system as involved as the capillary, such a hypothesis is an oversimplification, 
but it serves to describe the major effects. 

It may be noted that the theory which results from this hypothesis is a direct 
extension of that developed for the transcapillary exchange of water and of 
sodium in the guinea pig where only a single rate of transfer of the substance was 
postulated (Flexner, Gellhom and Merrell). 

The derivation of the relationship between sodium exchange and change in 
concentration of radioactive sodium in the plasma under the present hypothesis 
will now be developed as a basis for the subsequent presentation of the results. 

It is assumed that sodium ions are exchanged between the plasma and exi/ra- 
vascular fluids by means of a constant number passing across the capillary wall 
in each direction per unit of time. This assmnption does not mean that the 
rate of transfer Is the same for all portions of the capillary bed, but merely that 
the overall amount of sodium exchanged per unit of time is constant. 

It is assumed further that the variability of rates throughout the .system is 
such that two average rates suffice to summarize the exchange. 

Then the sodium ions in the extravascular system may be considered as sub- 
divided into two groups as far as rate of exchange is concerned, one group being 
in various areas, A , where the rate of exchange with the plasma ions is the more 
rapid of the two, and the other in various areas, B, where the rate of exchange 
with the plasma ions is appreciably slower. 

The following notation vill be used in the mathematical discus-sion and presen- 
tation of results. 

1 , Distribution of sodium in the body. 

Tip, tia and no - number of sodium ions in the plasma, urea A and areti B 
respectively 

nj. = Tip -4- nx -f na = total number of sodium ion.s in the body 

;■ = ZI? ki, — — represent the proportions of the total sodium 

TIj- ’ Rr 

which are in the plasma, area A and area B respectively. 
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2. Amount exchanged per unit of time. 

Ta — number of sodium ions pa&sing from plasma to area A or from area A 
to the plasma per unit of time 

Tb — number of sodium ions passing from plasma to area B or from area B 
to the plasma per unit of time 

r.K A- Tb = number of sodium ions leaving plasma or number entering 
plasma per unit of time 

3. Proportion of sodium exchanged per unit of time. 

RpA = — , RpB = — , and R., = represent the proportions of 

Up Up - Up 

plasma sodium passing rcspectivelj’’ into area A, area B, and the 

total extra vascular area per unit of time. 

r r ' 

Ra — — , Rb = — = proportions of sodium in area A and in area B 

71 4 71/i 

respectively passing into jilasma per unit of time. 

"" T' 7* 7* 4 7*b 

Rta — — , Rtb = — , and Rr — represent the proportions of 

Ut nr nr 

total sodium exchanged in either direction between the vascular 

system and respectively area A, area B and the combined extra 

vascular area, per unit of time. 

Now let a group of radioactive sodium ions, No, be injected into the plasma 
at a point in time, i = 0, the number. No, being sufficiently small relative to the 
amount of ordinary sodium to leave the total number of ions essentially un- 
changed. These ions will behave in exactly the same way in rates of exchange 
as the other sodium ions, but their identification will allow these rates to be 
determined through observing the rate at which they attain the normal distri- 
bution throughout the system. - '' 

,Let Np, N A and Nb = the respective numbem of radioactive ions in each area 
at time i, measured from 1 = 0. 

Then + A., -f Nb = No (1) 

Under the assumptions stated above, the change in N per unit of time in each 
area is given by 

dNp _ Np,^ Na Np , ^ Nb 

T A — 


— Atb — 
Up IIb 


(INa Np Na /ox 

. A- ® 

(e, 

at Tip riB 

Dividing each of these equations by the appropriate volume available for 
dilution of sodium to get change in concentration of * radioactive sodium, and 
integrating,® we obtain the following relationship of plasma concentration, Cp, 
and time. 

Cp — Ceg = aie^^‘ -h Oje*’*' (3) 

* For the steps in the solution, see the Appendix. 
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where c,, ~ the plasma concentration of at equilibrium, h and 62 are rates, 
and oi and concentrations dependent solely on the movement and distribution 
of ordinaiy sodium. 

The constants in equation (3) pertain to the concentration of Na®^ in the 
plasma, but they can be’ converted into the constants defined above for the dis- 
tribution and exchange rates of ordinary sodium. The following equations per- 
mit the passing from one set of constants to the other. 


61 -f- 62 = — (lip -h Ra Rb) 

(4) 

^(bth) = RaRb 

■ Co 

(5) 

— Oibi — Q 2&2 T) 

Ivp 

Co 

( 6 ) 

_ 1 . 

— f^p 

Co 

(7) 

where co is the value of Cp&ii = 0 . 

From the fundamental definitions of the rate and distribution constants pre- 
viously given, other constants for ordinary sodium can be obtained in terms of 
those given by equations (4) to (7), namely 

"" , Rn 

Ra 

( 8 ) 

“ Rp ^pA 

(9) 

/ 2 x “ Rp ' kp 

( 10 ) 

7 . _ 

La 

( 11 ) 

Icb - 

( 12 ) 


Equation (3) indicates that under the conditions of exchange postulated, the 
concentration of radioactive sodium in the plasma approaches equilibrium at a 
double exponential rate.'' Equations (4) to (12) show that the rates of approach- 
ing equilibrium for the radioactive sodium are dependent solely on the propor- 
tion of ordinary sodium transferred per minute, and the relative amounts of 
sodium present in the various areas. 

It is this fact that creates the real value of equation (3). The constants of 
the equation may be determined by curve fitting processes to observations on 
radioactive sodium concentrations, but their importance to us is that they may 
be used as intennediate computing constants to derive the rates of exchange and 
distribution of sodium ions, 

< Equations relating c.v and cn to time arc .also double exponentials with the same values 
'■ of bi and ht as in equation (.3), but different values of d and o;. 
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Turning now to the application of this theoiy to our specific problem, it is 
necessary first to fit equation (3) to the observations of table 1 and then to 
calculate, from, the arithmetic values of the constants, the rates of sodium ex- 
change and the proportion of the total sodium distributed in each of the three 
areas. In oYder to get as objective a fit as possible to, the observations, the 
method of least squares was used, minimizing vertical deviations, weighted 
according to the number of obervations involved in each measurement. The 
resulting equation is : ' 

Cp - 1000 = 2117e-‘ ‘»o' -f 

This is plotted against the points in figure 1 and is seen to give a very satis- 
factory description of them. 

Substituting the values of the constants thus obtained from the fitted curve 
into equations (4) to (12) leads to the values for the rates of exchange of sodium 
in the three areas, and the proportion of the total sodium present in each area. 
These are given in table- 7. The explanation and discussion of them will be 
postponed until the results of the untreated' shock and treated shock experiments 
have been presented, because the salient features are best brought out bj’’ a 
comparison of all the, results. 

. Before turning to the results of the shock experiments, we shall consider the 
distribution of radioactive sodium in the tissues of the normal animal at various 
time intervals after injection. As stated in the section on Methods, the purpose 
of these experiments was to gain an estimate of the rate of change in concen- 
tration of Na^^ in the extravascular fluids with respect to time. The results 
given in table 2 represent the averages of repeated experiments at each time. 


TABLE 2 

Na^'^ distribution in normal dogs at various times after injection 
AVERAGE* RATIO OF PER GRAM TISSUE TO PER CC. OP PLASMA 


TISSUE 

TIME AFTER INJECTION 

1 min. 

5 min. 

30 min. 

1 hr. 

2 hrs. 

24 hrs. 

Muscle 

0.120 

0.130 

0.142 

0.187 , 

0.131 

0.149(>>) 

Lung 

0.262 

0.430 

0.422 

0.422 

0.354 

0.478(>’> 

Intestine . 

0.177 

0,259 

0.312 

0.266 

0.269 

0.344(‘'> 

Liver 

0.106 

0,155 

0.167 

0.145 ■ 

0.178 

0.196(b) 

Skin 

0.082 

0.320 

0.430 

0.410 

0.388 

0.405(b) ■ 

Tendon 

0.039 

0.332 

0.470 

0.431 

0.377(“) 


Bone 

0.087 

0.101 

-0.266 

0.382 

0.388(“> 

0.597(b) 

Brain 

0.009 

0.050 

0.028 

0.063 

0.122 

0.197 


* Average of 3 experiments except for: (a) average of 2 experiments; (b) average of 4 
experiments. , 


Each value is the average ratio of the amount of Na*^ m a gram of tissue to the 
amount in a cubic centimeter of plasma at a given time. Thus an increasing 
ratio with time means that the concentration in the extravascular fluid is in- 
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creasing relative to that of the plasma, whereas a constant ratio means that the 
change in extravascular concentration is just that in the plasma, that is, the 
two are in equilibrium. 

From an examination of the average ratio of a particular tissue at successive 
time intervals, the following information emerges. The various tissues ana- 
lyzed may be roughly divided into two groups. In one group comprised of 
muscle (the thigh muscles -were the routine site of sampling), lung, intestine and 
liver, the radioactive sodium is veiy rapidly distributed throughout the extra- 
vascular fluids as indicated by a virtual stabilization of the ratio of tissue con- 
centration of Na-^ to plasma concentration from 5 minutes to 2 hours. In the 
other group, consisting of skin, tendon, bone, and brain, the rate of equilibration 
of Na*^ between the plasma and extravascular fluids is appreciably slower. In 
this group, the ratio of the concentration of Na-^ in the tissues to that in the 
plasma tends to increase throughout the 2-hour interval. In every tissue exam- 
ined there is an increase in the ratio from 2 hours to 24 hours, although it is more 
marked in the brain and bone than in the other tissues. These observations 
made 24 hours after injection demonstrate that 120 minutes is not a true equi- 
librium point, but they also show that within 2 hours the major portion of the 
reaction toward equilibrium has taken place. 

The observations of table 2 give support to the hypothesis that radioactive 
sodium leaves the blood stream at more than one rate. It is possible that in the 
interpretation of the rates of exchange, area A is composed of such tissues as 
muscle, lung, intestine, and liver where the exchange of sodium between the 
plasma and extravascular fluid is rapid, and area B consists of skin, tendon, 
spinal fluid and bone, where the transfer is appreciabty slower. 

Untreated shock. It is unnecessaiy to develop a new hypothesis for the ex- 
change of sodium in the shocked animal because the observations on the time 
change of concentration of radioactive sodium in shock show a pattern similar 
to those of the noimal animal, namely, a decline in concentration toward equi- 
librium along a double exponential curve. Nevertheless, it is a well established 
fact that hemoconcentration is characteristic of traumatic shock. This indicates 
that there is not a constant rate of exchange across the capillary membrane, 
but that more of the fluid portion of the blood leaves the vascular system than 
is returned fiom the extravascular system to the blood per unit of time. How- 
ever, due to the magnitude of the transcapillary exchange, this differential in 
the overall rate must be so small in 2 hours that it does not affect our results or 
vitiate the hypothesis upon which we are operating. As in the normal animals, 
in order to put the 29 shock experiments on a common basis, the concentration 
at 120 minutes was made equal to 1000 fl-rays per second per cubic centimeter, 
and all of the other concentrations adjusted accordingly. The average concen- 
trations, together with the number of observations made at each time interval, 
are given in table 3. As before, the equation was fitted to the observed points 
by consideiing the 2-hour value as the equilibrium value and fitting the remain- 
ing con.rtants bjr lea.^t squares. (See figuie 2.) 
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The resulting equation is: 

Cp - 1000 = 5799e-o-7^"‘ + 1646e-«-®58‘ 

? 

The arithmetic values of Ui, ao, 6i and 1)2 were substituted in equations (4) to 
(12) to obtain the rates Of exchange of sodium across the capillary waU and also 
the proportions of the total sodium present in the various areas. These appear 
in table 7 and will be discussed presently. It will be sufficient here to note that 
the results show a decreased mte of transcapiUary exchange of sodium in the 
shocked animal. 


TABLE 3 

Time change in concentration of Na^* in plastna — untreated shock 


mn: after injection 

NtnOJER OF OBSERVATIONS 

AVEEACE CONCENTEATION OP Na’’ IN" PLASUA 
(/3-EAYS PER SEC. PER CC.) 



Observed 

Calculated 

min. 




0 - 



8445 

1 

21 

5322 

5301 

2 

25 

3706 

3767 

3 

22 

3043 

3000 

6 

22 

2353 

2228 

8 

6 - , 

1871 , 

2050 

9 

21 

1965 

1984 

10 

5 

1854 

1925 

12 

23 

1765 

1821 

14 

6 

1587 

1731 

15 

20 

1663 

1690 

19 

10 

1575 

1547 

30 

16 

1326 

1289 

45 

11 

1205 

1121 

60 

20 

1136'' 

1051 

90 

20 

1058 

1009 

120 

29 

1000 

1002 


The distribution of Na^^ in the tissues at intervals after injection provides 
confirmatoiy evidence to the rate studies and also emphasizes the difference 
from the normal. The average ratio of the concentration of Na^^ in the tissues 
to that in the plasma is presented in table 4. The most striking points brought 
out by these experiments are first, the order of the tissues as to speed of equi- 
libration which is in general the same as in the normal animal and second, the 
prolongation of the time interval before the ratios show stability. The ratios 
in the shocked animal at 5 minutes are in general the same as in the normal 
animal at ^ minute. There also is more tendency in the shock experiments for 
a contiaued rise ia the ratio throughout the 2-hour period. In this connection, 
it is worth noting that the ratios for the various tissues at 2 hours are consist- 
ently greater in the shocked animal than in the normal. This might be ex- 
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plained by various ones of the theories concerning shock. Thus a generalized 
leakage of the plasma into the tissues perceptible at 2 hours would explain it, 
as would also the existence of trapped blood so that the tissue of the shocked 
animal was less free of blood when the measurements were taken. No collateral 
evidence is at present available to throw light on this point. 

It is of interest to compare the actual ratios of the normal muscle and the 
muscle which has been traumatized. The consistently increased ratios in crushed 
muscle are due to the loss of plasma into the traumatized area and also probably 
to penetration of the injured muscle cells by radioactive sodium. 


TABLE 4 

.Va-< dislribuiion in shocked dogs at various limes after injection 
AVERAGE* RATIO OF FER ORAM TISSUE TO Na-^ PER CC. OF PLASMA 


Tissue 

Time after injection 

S min. 

30 min. 

i 1 hr. 1 

1 2 hrs. 

Normal muscle 

0.055 

; 0.111 

wBsam 

wmmm 

Crushed muscle . . 

0.113 

0.370 



Lung . . . . 

0.331 

0.352 



Intestine . . 

0.207 

0.256 



Liver. 

0.145 

0.151 

0.182 

B@B 

Skin ' 

0.104 

0.31S 

0.317 


Tendon ! 

Q.033«'‘» 


0.174(®> 


Bone. . 

0.095 

0.351 

0.342 

0.478 

Brain 

0.009 

0.035 

0,072 

0.13S 


* Average of 3 experiments except for: (a) average of 2 experiments. 


Treated shock. The same hypothesis that was applied to the normal and 
untreated shock experiments also forms the basis for the interpretation of the 
experiments on shocked dogs following replacement therapy. Table 5 presents 
the average concentration of Na-’ in the plasma in 10 shocked dogs following 
parenteral saline administration. The fitted equation to these observations, 
plotted 'against the observed concentrations is shorn) in figure 3, and has the 
form; 

Cr - 1000 = 2597e-°'««‘+ 863er^-°^^> 

The application of the theoiy to the arithmetic values of the constants thus 
obtained is presented in table 7, and will be discussed later. 

Table 6 and figure 4 present the average concentrations of Na^"* in the plasma 
of 10 shocked dogs following scrum therapy, and the curve fitted to these obser- 
vations.. The equation for the concentration of intravenously injected radio- 
active sodium is 

Cp - 1000 = 2590e-«««' -b 773e-°-^'‘ 

As in the three prerious series of experiments, the constants of this curve have 
been interpreted in terms of the rate of exchange of ordinary sodium and of the 
proportion of the total sodium in the three areas, presented in table 7. 
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Comparison of the results in normal and shocked animals. The constants in 
table 7, with the exception of co, refer to ordinary sodium, not to radioactive 
sodium. The double exponential observed for the tracer substance is the con- 
sequence of the transcapillary movement of ordinary sodium. Under the state- 

. TABLE'. 5 


Time change in concentration of Na^‘ in plasma — shock saline 


TIME AFTEE'iNJECTIOIT 

NTTMBER OF OBSERVATIONS 

AVERAGE CONCENTRATION OF Na’* IN PLASMA 
(S-RAVS PEE SEC. PER CC.) 



Observed 

Calculated 

mtn. 




' 0 



4460 

1 

8 

3543 

3525 

2 

10 

2863 

2905 

3 

10 

2514 

2491 

6 

9 

1879 

1887 

9 

10 

1698 

' 1669 

12 

10 

1563 

1562 

' 15 

10 

1495. 

1492 

19 

9 

1365 

1420 

25 

5 

1329 

1334 

30 

5 

- 1201 

1276 

35 

5 

1286 

1228 

45 

10 

1158 

1156 

60 

10 

1099 

1088 

• 90 

10 

1073 

1028 

120 

10 

1000 

1009 



Fig. 3. Time change in plasma concentration of following intravenous injection in 
shocked dogs given saline treatment. 

Fig. 4. Time change in plasma concentration of Na** following intravenous injection in 
shocked dogs given serum treatment. 


ment of this movement, given earlier in the paper, the constants of the fitted 
curves can be turned into constants describing the distribution and rate of 
movement of ordinary sodium. 

I^The basis for getting at the distribution of Na is the ratio of initial concen- 
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TABLE 6 


Time change in concentration of in plasma — shock + serum 


time ATTER XKJECnOK 

KiniBER or observations 

AVERAGE COKCENTRATION OF Nfi’* IN TUS'JA 
(P-EAVS TEE SEC. PEE CC.) 



Observed , 

Calculated 

nifu 


' 


0 



4303 

1 

9 

3246 

3238 

2 

10 1 

2545 

2573 

3 


2205 

2175 

4 

4 

1899 

1932 

6 

9 

1675 

1681 

9 

10 

1562 

1525 

12 

9 

i 1424 

1443 

15 

10 

1369 ' 

1383 

19 

10 

1285 

1317 

25 

4 

1231 

1239 

30 

6 

'• 1181 

1189 

35 

4 

1185 

1149 

45 

4 

1119 

1093 

60 

10 

1063 

1016 

90 

10 

1020 

1011 

120 

10 

1000 

1003 


TABLE 7 

Constants giving sodium distribution and rale of exchange in normal dogs, untreated shock, 

and treated shock 


CONSTANT 

KORilAI. 

UNTREATED 

SHOCK 

SHOCK -f 
BALIKE 

SHOCK -f 
SESDil 

Initial plasma cone, of Na**, 

where Crq is 

■ 1000 





fi-rays/sec/cc 


Co 

4050 

8445 

4460 

4363 

Ka in plasma/total Ka. . . 


kr 

0.2-17 

0.119 

0.221 

: 0,229 

Na in are.a A/tolal Xa , 


kA 

0.219 

0.185 

0.249 

0.271 

Na In area B/total Xa .. . . 



0..534 

0.696 

0..527 

0.500 

% of Na in plasma transferred 

1 

per min. from 



25.6 


plasma to extravasc. fluid . . 


Rp 

56.0 

mmm. 

33.2 

jjiasma to area .4 


BpA 

•46.5 


21.1 

27,8 

pla.sma to area B 


■ Rpn 

10.1 

11.5 

4.5 

5.4 

% of Xa in total body transferred per min. 

from 





plasma to extravasc. fluid 


Rx 

14.0 

6.2 

5.7 

7.6 

pla.sma to area .1 


Bta 

11.5 

•l.S 

1.7 

6.1 

plasma to area B 



Btb 

2.5 

1.4 

t 

1.0 

1.2 


tration of Na*^ in the plasma to the equilibrium concentration. The initial 
concentration cannot be obtained by direct observation because of lack of mixing 
but can be obtained by extrapolation of the fitted curve back to t = 0. A coni- 
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, parison of co for normal and shocked animals shows that the normal value is 
only half as large as that for untreated shock, but is onlj^ slightly smaller than 
the values for treated shock. This is due to the fact that in untreated shock 
the plasma volume is reduced, and indicates that the reduction is about 50 per 
cent. In the treated animals the plasma volume is brought back to nearly 
normal levels. 

In this connection it is of interest to note that in a series of 44 individual 
normal experiments, the extrapolated Co values, together with the known amoimt 
of Na^’ injefcted and the body weight, were used -to estimate plasma volume. 
On the average, the amount injected (on the basis of an equilibrium value of 
1000 /5-rays per sec. per cc. plasma) w'as 36,170 /S-rays per sec. per 100 grams 
body weight. The average Co was 4224 j5-rays per sec. per cc., yielding a plasma 
volume of 8.6 cc. per 100 grams. Since this volume is about twice that esti- 
mated by dye methods (Smith, Arnold and Whipple, Gregersen), it would seem 
that either the reaction in the first half minute is not described by our equation, 
or that we are not accounting fori all the Na®^ injected. In either case, the co 
values are valid in a relative sense 'in describing changes in plasma volume in 
shock. Since the plasma volumes are too high in absolute value, the proportion 
of sodium allocated to the plasma is also too high but, again, the ‘relative com- 
parison between nomial and shock holds. 

The proportion of the body sodium which is in the plasma is given by kp, 
that is, plasma sodium/total sodium. The values of kp show that in the normal 
animal this is 25 per cent, whereas in untreated shock only 12 per cent is in the 
plasma. This is again associated -with change in plasma volume, since in shock 
the total sodium in the body and the sodium concentration in the plasma are 
essentially unchanged. In treated shock, the proportion- of the total sodium 
located in the plasma is back to normal, largely due to the restoration of the 
plasma volume. 

The distributions of the extravascular sodium in the area of rapid exchange, 
A, and in the area of slow exchange, B, are indicated by k^ and ks respectively. 
For the normal and treated shock, about 25 per cent of the sodium is in A and 
about 50 per cent in B. For the untreated shock, there is an increase in the 
" proportion located in the area of slow penetration. 

Turning now to the rates of exchange of sodium across the capillaiy mem- 
brane, we have first, Rp, which gives the proportion of plasma sodium exchanged 
per minute. For the normal animal, 56 per cent of the plasma sodium is ex- 
changed per minute, for untreated shock 52 per cent, and for treated shock 
approximately 30 per cent. At first glance it would appear that there is no great 
difference in rate of exchange of sodium across the capillaiy wall^in normal and 
traumatic shock, but that there is a marked reduction in rate when replacement 
therapy is used. However, this interpretation would be valid only if the con- 
ditions were the same as to sodium distribution. In a system where the propor- 
tion of sodium in the plasma is altered, an altered value of Rp would result if 
the rate of exchange remained the same. The essentially unaltered Rp in 
imtreated shock indicates that there is a change in rate from the normal. 
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The real situation as to rate of exchange Is perhaps best seen from the constant 
Rf, which gives the proportion of the total sodium in the body which is trans- 
ferred across the capillary wall in each direction per minute. This is given by 
the product of Rp and kp, thus it takes into account the change in distribution 
of sodium in the shocked animal. For the normal animal this is 14 per cent, 
and for the untreated shocked animal it is only 6.2 per cent. This indicates 
that a very profound change has occurred in the rate of exchange of sodium in 
shock, since there is a reduction of approximately 50 per cent in the total amount 
of sodium which is exchanged per minute. 

Turning to the effect of replacement therapy on this rate, we see that the 
values are not brought back to normal levels, the saline treatment being asso- 
ciated with a 5.7 per cent rate and the serum treatment 7.6 per cent. In this 
case, since kp is practicall 3 ’’ normal, the lowered rate is observed also in the values 
of Rp previously noted, about 50 per cent of the plasma sodium being exchanged 
per minute in the normal animal and about 25 to 33 per cent 'in treated shock. 
From these results it can be concluded that in traumatic shock there is a sig- 
nificant decrease in the amount of sodium that passes between the plasma and 
extravascular fluids per unit of time. Further, following fluid substitution 
therapy, the rate of exchange of sodium across the vascular membrane is not 
returned to normal, but remains at shock levels. 

The remaining constants presented in table 7 bring out the fact that the 
reduction in the rate of exchange occurs in both the fast and slow rates. The 
values of RpA and Rps, showing the proportion of plasma sodium exchanged 
between area A and area B respectively are subdivisions of Rp and show the 
same relative difference between normal and shock as was seen in Rp. Similarly, 
they conceal significant alterations in the rates of exchange, which are made 
apparent when the alteration of sodium distribution is taken into account. If 
as before we multiply by kp, we get the proportion of the total body sodium 
exchanged per minute between the plasma and area A, Rta, and between the 
plasma and area B, Rtb. In both cases we see that the normal rate is about 
tvice that of untreated .shock, and the rates for shock following treatment re- 
main at untreated .shock levels. 


SUSIMARV 

The object of the investigation was to detennine whether traumatic shock 
produced an alteration in the normal physiological excliange of metabolites 
across the vascular membrane. To this end, the transcapillary rate of exchange 
of a substance to which the capillar}'- membrane is freely permeable was studied. 
The rate of equilibration in the plasma of a tagged ion, radioactive sodium, 
has been determined in the normal dog, in the animal in traumatic .shock pro- 
duced by muscle crushing, and in the shocked dog following intravenous saline 
and serum therapy. In each instance it was found that a double exponential 
curve consisting of a fast and a slow component was both necessaiy and suffi- 
cient to describe tlie observations. A hypothesis was developed to interpret the 
results of the experimental studies with radioactive sodium in terms of rates of 
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exchange of ordinary sodium across the capillaiy walls. Briefly, this hypothesis 
states that there are two rates at which sodium passes back and forth across 
the vascular membrane between the plasma and extravascular fluids in various 
areas of the animal body, the overall amount of sodium exchanged per unit of 
time remaining constant. Experiments on the distribution of radioactive sodium 
in the tissues at intervals after intravenous injection, and on the rate of appear- 
ance of intravenously injected radioactive sodium in the cerebrospinal fluid 
indicate that this hypothesis is acceptable, at least as a first approximation. 

' The experimental rate studies with radioactive sodium led to an estimate of 
the rates of exchange of ordinary sodium expressed as the proportion of the 
plasma sodium and the proportion of total body sodium which pass back and 
forth between the plasma and extravascular fiuids per minute. These and 
certain other expressions of the rate of exchange of ordinary sodium have been 
presented and discussed in full in the foregoing sections. The conclusion to be 
drawn from them is that in untreated traumatic shock the total number of 
milligrams of sodium exchanged across the vascular membrane per imit of time 
is about 50 per cent of the normal. Immediately following replacement therapy 
with saline or serum in traumatic shock, the total amount of sodium that passes 
back and forth beriveen the plasma and extravascular fiuids is still only about 
50 per cent of the normal value. 

Numerous factors influence the rate of movement of ions and molecules across 
the vascular membrane in the normal animal. In a pathological condition such 
as traumatic shock there are probably additional circumstances which affect the 
rate. The most obvious explanation for the decreased rate of exchange of 
sodium in untreated shock is the inefficiency of the circulatory system as evi- 
denced by a fall in blood pressure, prolonged circulation time, decreased cardiac 
output, hemoconcentration, etc. Following replacement therapy, these defi- 
ciencies are corrected temporarily at least. However, in spite of the obvious 
improvement in the animals’ clinical appearance and in objective evaluations 
of the circulation (blood pressure, plasma volume, etc.), the experiments reported 
here indicate that the rate of exchange of sodium remains at shock levels. It is 
of interest to note in this connection that the 48-hour mortahty rate of the 
treated animals (19/20) is not significantly different from that of the untreated 
animals. 

It w'ould be unjustified to conclude on the basis of these experiments that the 
reduced rate is attributable solelj'' to changes in the capillary membrane since 
other parts of the capillaiy system may be the dominant influence. It is very 
likely that the condition of the systemic circulation is not reflected in the cap- 
illary bed and, therefore, the decreased rate of exchange of sodium is an expres- 
sion of the reduced functional efficiency of the capillary circulation. 

If the decrease in rate of movement of sodium across the vascular membrane 
is characteristic of other ions and molecules as well, it may be a fact of some 
consequence in understanding the changes in tissue metabolism observed in 
traumatic shock. < 
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We are indebte’d to Dr. R. D. Evans, Dr. M. S. Livingston, and Dr. J. W. 
Irvine, Jr.,- for their generous co-operation in preparing the radioactive sodium 
in the Massachusetts Institute of Technology c^mlotron. 

Appendix. Solution of equations 2(a) and (b) of the text. 
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From the definitions of the rate constants (sec text) and the relationship Ns .= 
N^ + Na + Nb, 

^ = -RpNp + RaNa + Rb(No - Np- Na) (I) 
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(11) 


Dividing (I) bj' plasma volume, Vp. and (II) by the diluting volume of area A , Va, we have 
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Differentiating (III) with regard to t, multiplying (III) by Ra, multipl 3 dng (IV) by {Ra — ■ 
Va 

Rb) “ and adding these three equations, we have 
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d^y dy 

Equation (V) is a standard form* of differential equation of the type ^ "b "b 
TiV ~ Vi > where the p’s are constants, and has for its solution 


_pj— V’pS— 4P2 —pl+‘^p\—*Pt 

P, _J I I 

!/— — = 0,6 - 4-ajc 

Vi 


(VI) 


in which oi and oj are constants of integration. 

Equation (VI) is identical with equation (3) of the text, where 

bi =* -V' v\ ~ and 6. = 

2 2 

Evaluation of oi and nj from the conditions of concentration and slope at 0 time, and the 
substitution of the constants of equation (V) for the p’s lead to equations (4) to (7) of the 
text. 


See, for example, D. A. Murray, Differential equations, 1921, p. 70. 
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It has been found pre\dously (6) that myotatic reflexes may recover after 
periods of cord asph>edation which abolish the flexion reflex permanently. Thus 
after 55 and 65 minutes of cord asphyxiation, no flexion reflex could be elicited at 
any time by pinching the leg, whereas reflex tone and even' tendon reflexes could 
be observed at certain periods after the asphyxiation. For all the observations 
on mjyotatic reflexes, extensor muscles have been used (6, 5) whereas the 
flexion reflex was observed, of course, in flexor muscles. It seemed of interest 
to investigate the myotatic- and the flexion reflex after cord asphyxiation . 
in the same muscle. Tendon- and stretch reflexes can be elicited in the 
anterior tibial muscle (13, 1, 2), which is also one of the principal muscles active 
in the flexion reflex. In the present investigation, tone and the flexion reflex were 
examined in this muscle after rclativelj’’ long periods of cord asphyxiation. 

' Methods. In a preliminary operation the animal was made spinal by ligating 
the dura^vith aseptic precautions, thus severing the spinal cord at Th 10-12. 
The next day the cord was asphyxiated by forcing Ringer solution into the iso- 
lated part of the dural ca%dty under a pressure higher than the blood pressure 
(24-26 cm. of mercury) (6). Because a large temperature influence on the 
effects of cord asphyxiation has been demonstrated (8), the asphyxiation was . 
performed with Ringer solution at 38° while the animal was kept at the same 
temperature, using the methods described before (8). The experiments were 
performed imder light nembutal narcosis. Cats were used exclusively. 

In all experiments one shank of the animal was fixed on a board with screws 
through the bone. The tendon of the anterior tibial muscle was connected over 
two trolleys with an isotonic lever viiting on a smoked dram. On the hetero- 
lateral side the contractions of a different flexor- or of an extensor muscle were 
recorded simultaneously for comparison. For the recording of the quadriceps or 
hamstrings on that side, the femur was fixed and the movements of the shank 
were recorded on the same smoked drum, '\\flien the hamstring contractions 
were recorded, the quadriceps tendon or the femoral nerve was severed; besides 
the sciatic neive was transected distal of the branches to the hamstrings excluding 
the knee-flexion caused by contraction of the gastrocnemius (an extensor muscle). 
When the contractions of the quadriceps were recorded, the sciatic nerve was 
severed proximal of the branches to the hamstrings. In some experiments the 
contractions of the gastrocnemius-soleus muscle were recorded for comparison, 
fbdng the shank with screw's and connecting the Achilles tendon with a recording 
lever. 

’ This investigation was supported in part by a grant from the Faraly.si.s Tru.st, bos 
Angeles. 
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Muscle action potentials were recorded Math a Matthews’ oscillograph, using 
silver vares placed in the muscle as electrodes. 

Results. Initial and secondary tone. Two periods of tone, the initial and the 
secondaiy tone, have been absented in extensor muscles after asphjodations of the 
cord of 55 and 65 minutes (5). The initial tone was always weak as compared 
vath the secondary tone. After 75 minutes of asphyxiation, no spontaneous 
extensor tone has been obsen’-ed. 

In the anterior tibial muscle, too, both initial and secondary tone were found 
after cord asphyxiations of 55 and 65 minutes’ duration (fig. 1). The initial tone 
was slight and often consisted of an irregular series of muscle contractions. The 
secondary tone was quite pronounced in many expei’iments. Usuallj’- irregular 
muscle contractions were superimposed upon this tonic contraction (fig. 1). No 
spontaneous tone was found in the anterior tibial muscle after 75 minutes of cord 
asphyxiation. The time relations of initial and secondary tone after 55 and 65 


t I « ' ' 

0 10 20 

Fig, 1. Initi.il and secondary tone in the anterior tibial muscle after 55 minutes of cord 
asphyxiation. The figures in the record show the number of minutes after the end of cord 
asphyxiation. The arrows indicate artefacts. 

minutes’ asphyxiation are given in table 1. ’ As this table shows, the initial tone 
in the majority’' of the experiments was present between the 20th and 35th minute 
after the end of asphyxiation. After a toneless interval the secondaiy tone began 
1 to 5 hours after asphy’-xiation and often disappeared a few hours later. In some 
experiments it outlasted the period of obsciwation, however. The time relations 
correspond rather closely’ ■with those of the initial and secondaiy tone found pre- 
viously’^ m extensor muscles (5) . The similarity in the course of initial and secon- 
dary’ tone in flexor and extensor muscles is further demonstrated in experiments 
5, 8, 9, 13, 14, 17 and 18, table 1, in which these phenomena were recorded simul- 
taneously’ in the anterior tibial and in an extensor muscle. The parallelism is not 
complete, however. The initial tone tends to begin and end sUghtly’ later in the 
anterior tibial muscle, whereas the secondaiy tone has a tendency’ to start later 
in the extensor muscles. 

.An initial and a secondaiy tone have also been found in the hamstrings after 55 
and 65 minutes of cord asphy’xiation. Table 1 shows, in a few' experiments (nos. 
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1, 7 and 10), the time relations of these periods of tone of the hamstrings as com- 
pared with those of the anterior tibial muscle in the same animal. The similarity 
in the course of tone in these two muscles is gi*eat. The tone in the hamstrings 
always was weak in comparison with the corresponding contractions in the an- 
terior tibial muscle. 


TABLE 1 


Appearance and disappearance of initial and secondary tone after 55 to 66 minutes of cord 
asphyxiation in the anterior tibial muscle and, in some experiments, in other muscles 


.SO. OF EXPERl- 
ITENT 

DtlRATIOK OF 
ASPHYXIATION 

MUSCLE 

initial tone 

secondary tone 

Start 

End 

Staft 

Eftd 


Tfttn, 






1 

65 

Anterior tibial 



50 

300 



Hamstrings 



50 

300 

2 

65 1 

Anterior tibial 



240 

320 

3 

Go 

Anterior tibial 

20 

35 



4 

Go 

Anterior tibial 





0 

60 

Anterior tibial 



80 

t 



Quadriceps 



110 

* 

6 

55 

.'interior tibial 

28 

35 

90 

240 

7 

55 

Anterior tibial 

30 

35 

70 

* 



Hamstrings 


i 

80 

* 

S 

55 

Anterior tibial 

^ i 

22 





Gastro-soleus 

6 1 

16 



9 

55 

Anterior tibial 

12 

26 

50 




Gastro-soleus 

10 

24 

60 

♦ 

10 

55 

Anterior tibial 

18 

30 

65 

200 



Hamstrings 

16 

30 

70 


11 

55 

Anterior tibial 

20 

30 

90 

160 

12 

55 ! 

Anterior tibial 

i 


1 


13 

55 

Anterior tibial 

; 20 

25 





Quadriceps 


25 



14 

55 

Anterior tibial 



85 

270 



Quadriceps 



100 

240 

15 

55 

Anterior tibial 





16 

55 

Anterior tibial 

40 

50 

290 

* 

17 

55 

Anterior tibial 

20 

30 

75 

160 



Quadriceps 

15 

25 

90 

200 

18 

55 

.interior tibial 

20 

30 

65 

360 



Quadriceps 

15 

30 

70 

270 


The figures in the last four columns show the time in minutes after the end of cord 
asphyxiation of beginning and end of initial and .secondarj’’ tone. An asterisk in the last 
column indicates that the secondarj' tone was still present at the end of the period of ob- 
servation. 

It has been shotm previously (5) that tone in the exten.sor muscles could be 
elicited during the toneless interval, between initial and seconclaiy tone, by a re- 
newed a.«phy.\-iation of the cord. The .same phenomenon was ob.served in the 
anterior tibial muscle a.s well as in the hamstrings. 

T/iC nalurc of the lone in the anterior tibial mnsek. It luis been .shown prcviou.sly 
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(5) that action potentials led off from an extensor muscle during initial and second- 
ary tone increased when the muscle Avas stretched, and decreased Avhen it Avas 
relaxed, indicating that these contractions are reflex in nature. 

It AA^as possible to demonstrate the reflex nature of the secondaiy tone m the 
anterior tibial muscle in the same AA’ay. Figure 2 sIioaa's the effects of stretch and 
relaxation of the muscle on the action potentials of the anterior tibial muscle 270 
minutes after the end of a 55 minute cord asphyxiation. The increase in action 
potentials on stretch, and decrease on relaxation, indicate that the tone is ehcited 
reflexly by stimulation of the stretch receptors in the muscle. The effects of 
stretch and relaxation AA’ere not ahA'ays as pronounced as in the experiment shoAAm 
in figure 2; especiall}'' AA’hen the electrical acthdty AA^as high, the effect AA^as small or 
eA'^en absent. It is certam, lioAA'eA’^cr, that the secondaiy tone in the anterior tibial 
muscle has a reflex component. 

The initial tone in the anterior tibial muscle usuallj’^ AA^as so AA'eak and fleeting 
that it AA’as not possible to obtain similar eAudence for this period of tone. 


A 




B 


} 

m 

\ 




Fig. 2. Action potentials of the anterior tibial muscle taken about 4| hours after the end 
of a 55 minute cord asphy.xiation. The muscle had shown an initial tone, and the sec- 
ondary tone had set in 75 minutes after the end of the asphyxiation. A — The anterior 
tibial muscle is stretched during the period bet\A’een the t\A’o black dots. B — ^The muscle 
is relaxed betAA’een the black dots. 


Flexion reflex. It has not been iiossible to elicit a fle.xion reflex at any time after 
a 55 or 65 minutes cord asphyxiation by pinching the leg. Et'^en when the ante- 
rior tibial contractions AA'ere recorded AAuth a sensitwe leA'^er system, this stimulus 
AA'^as ineffective. 

The central stump of the tibial nerve AA^as stimulated AAuth strong faradic stimuli 
in a nmnber of cases. In none of the experiments has tliis stimulus elicited, dur- 
ing the initial tone, muscle contractions AA'hich could be distinguished from the 
spontaneous, shght, irregular contractions usually present m the muscle during 
tliis period of tone. In the inteiwal between the periods of tone, the stimulation 
of the tibial neiwe had no effect. During the first deA’^elopment of the secondary 
tone, stimulation of this nerve caused, in some experiments, slight anterior tibial 
contractions AAdiich AA'ere unmistakably related to the stimulus. During the 
maximrmi of secondary tone there AA'ere agam present spontaneous irregular 
muscle contractions (fig. 1) AA'hich masked eventual shght responses to the faradi- 
zation of the tibial nerA'e. In only one experiment AA'as a response recorded large 
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enough to be recognized as such. It thus can be concluded that after 55 minutes 
of cord asphyxiation traces of the flexion reflex can be demonstrated only very 
occasionally, when sensitive recording dences are used and massive stimuli are 
given. 

In those experiments in which the contractions of the anterior tibial and quad- 
riceps muscle were recorded simultaneously, no trace of crossed extension was 
found dui’ing the stimulation of the heterolateral tibial neiwe. 

Discussion. Lloyd (9, 10, 11) recently found that the myotatic reflex is a 
monosynaptic, the flexion reflex a multisjmaptic reflex. In other words, the 
reflex arc of the myotatic reflexes consists of only two neurons, the sensory and 
the motor neuron, whereas in the arc of the flexion reflex, these neurons are con- 
nected by at least one intemuncial neuron. Lloyd liased this conclusion on a 
study of the reduced reflex time which allows in tlie myotatic reflexes for only 
one, in the flexion reflex for more than one sjmaptic delay. He demonstrated 
the mono.s 3 maptic myotatic reflex not only in the extensor muscles but also in the 
anterior tibial muscle. 

The study of the action potentials of the secondary tone after 55 minutes of 
cord asph 3 Tdation has shown the presence of a myotatic reflex in the anterior 
tibial muscle which, according to the above viewpoint, would be monosjmaptic. 
The traces of anterior tibial conti’action caused occasionally by the faradization 
of the tibial nerve are probably the la.st rests of the multisjmaptic flexion reflex, 
since Lloyd found that no monosjmaptic reflex could be elicited in the peroneal 
nerve by .stimulation of the tibial nerve. It thus can be concluded that the 
multisjmaptic flexion reflex is more severely damaged ]>y cord asphyxiation than 
the monosynaptic myotatic reflexes. 

Since the initial and secondaiy tone appeared in both the anterior tibial and 
extensor muscles with almost the same time relations after asphj^xiation periods 
of 55 and G5 minutes, but remained absent after asph 3 Tciations of 75 minutes’ 
duration, it can be concluded that the extensor and flexor motor neurons are about 
cqualb’’ sensitive to asphj’^xiation. 

It has been found previously (3) that even after 65 minutes of cord a-splij^xiation 
bj’’ increased pressure in the dural ca\’it 3 q no degeneration was produced in the 
dorsal roots after an adequate waiting period, whereas a marked degeneration 
was present in the anterior roots. This is perhaps because the spinal ganglia are 
situated outside the pressure area. The reflex path of the mjmtatic reflex up to 
the motor neurons thus has the potentialitj'' of a speedj’’ functional recover^', 
assuming that the parts of the sensory neuron situated inside the spinal cord are 
not more easily damaged by asphjodation than the dorsal root fibers. The 
perikarya arc probably the structures damaged by asphjodation (7), and the 
behavior of the monosynaptic reflexes after asplnwiation thus will depend mainlj’- 
on the damage incurred 1 ) 3 ' the motor cells. 

The myotatic reflex and the flexion reflex in the antei-ior tibial muscle have the 
same final common path. The development of a pronounced secondary tone 
after 55 and 65 minutes of asplyodation indicates that this final common path is 
functional, even if it can hardly, or not at all, be utilized in the flexion reflex. 
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The difference between tbe myotatic and the flexion reflex is the presence of 
internuncial neurons in the reflex arcs of the latter reflex, and a greater sensitivity 
of the internuncial neurons to asphyxiation would explain the greater ^allnerabil- 
ity of that reflex. However, the fact that two neurons of the flexion reflex arc 
are situated in the asphyxiated area, whereas only one neuron of the myotatic 
reflex arc is subjected to asphyxiation, may in itself be a cause for the greater 
depression of the flexion reflex. The motor neurons which become functional 
again after asphyxiation, and which may constitute only a small part of the total 
pool, can all be used in the myotatic reflex since the sensory neuron is not affected^ 
by asphyxiation. In the flexion reflex not only part of the motor neurons, but 
also part of the intemuncials vnll remain inactive. This -will decrease the number 
of impulses reaching a motor neuron within the period in which they can reinforce 
each other (12) and thus will decrease spatial summation. Furthermore, it is 
conceivable that part of the motor neurons which have recovered cannot be 
activated in the flexion reflex because the intemuncials, through which the im- 
pulse must pass, did not recover. Also, the impulses which have passed through 
recovered intemuncials, may end up in inactive motor neurons. Thus, the longer 
the chain of neurons the impulse has to pass, the smaller the chance that an 
active motor neuron vnll be reached. It must be understood that the distribu- 
tion of the impulse from one internuncial over many motor neurons will counter- 
act this effect. ‘Nevertheless, it may be responsible for the ease wth which 
crossed extension is abolished by asphyxiation (8), since this heterolateral reflex 
probably has more than one internuncial neuron in its arc. 

These considerations suggest that in general the more complicated central 
neiYmus mechanisms will be more vulnerable to asphyxiation due to the circum- 
stance that longer neuron chains are involved in their functioning. 

I am indebted to Mrs. J. Wiersma for her valuable assistance. 

V 

SUMMARY 

1. The same periods of tone described for the extensor muscles have been found 
in the anterior tibial muscle after 55 and 65 minutes of asphyxiation of the spinal 
cord. 

2. Evidence for the reflex nature of certain phases of this tone in the anterior 
tibial muscle has been found. 

3. Only occasional traces of the flexion reflex have been demonstrated after 
cord asphyxiation of these durations, 'though the presence of tone in the anterior 
tibial muscle is an indication that the final common path of both reflexes is 
functioning. 

4. An explanation for the difference in ^'ulnerability of flexion- and myotatic 
reflexes to cord asphyxiation is sought in the difference in the number of neurons 
forming the reflex arcs of these reflexes. 
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In problems that relate to general disturbances of the body fluids as well as in 
the general study of cell physiolo^, the question of mobility of, or variations in, 
the cell fluids frequently arises. The prevailing opinion as to the behavior of 
cell fluids is expressed by Peters (1) as follows: that cells adjust themselves to 
variations in osmotic pvessm'O of the flnid environment by interchanges of fluid, 
rather than salts. This adjustment would be followed by changes in the cell 
volume, and by variation in the total cellular fluid of the body. This supposition 
has been supported by observations made by Gilman (2), who injected 6 per cent 
dextrose intraperitoneally in dogs, producing a diffusion of sodium into this 
fluid. This in turn, causing a reduction of osmotic pressurc in the extracellular 
fluid, was followed by an adjustment mechanism consisting of passage of water 
into the cells. These changes were calculated by sodium determinations. 
Hemoconcentration occurred in these animals to a remarkable .degree. Similar 
results were obtained by Darrow and Yannet (3), and we (4), also have observed 
some calculated increase in cellular fluids, as well as hemoconcentration in dogs 
given 5 per cent dextrose intraperitoneally. In this type of study some difficulty 
of interpretation arises from the fact that there occurs marked local accumula- 
tions of edema fluid in the connective tissue outside the peritoneal lining. We 
have obsen'ed this to be true in aU animals receiving 5 per cent glucose uitra- 
peritoneally . A local extravascular fluid accumulation miglit account for some of 
the hemoconcentration and therefore this phenomenon may not be due entirely 
to the intracellular accumulation of water.. Furthermore equilibration of ions in 
large local fluid collections is kno^vn to occur slowly (5) and, since the volume of 
this subperitoneal edema is not subject to measurement, correction cannot be 
made accordingly. It is therefore possible that some interference in calculation 
of intracellular and extracellular fluids from changes in plasma sodium might be 
introduced by this factor. Another theoretical objection to the conclusion that 
fluid freely enters cells in the ex'periment described is the probable expected 
behavior of the glucose ion. Although temporary equifibration of osmotic 
, pressure differences might be occasioned by fluid redistribution, subsequently 
glucose would be exiJected to enter the cells, restoring the osmotic equilibi-um 
and bringing about a return of fluid volume to the extracellular phase. VTiether 
this process occurs rapidly enough and before the glucose is metabolized, to have 
an influence on the distribution of fluid in and outside the cells, is open to question. 
These objections do not seem to be sufficient to question seriously the results as 
obtained by Gilman, and at the present time there is a strong inclination to ac- 
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cept his conclusions that cell fluid volume is changeable according to the osmotic 
pressure differences that maj’" arise between cells and extracellular fluids. 

Other e'vudence that changes in fluid volume of the body cells can and do take 
place is afforded by the studies on muscle tissue of dogs. Hastings and Eichel- 
berger (6) found that increase of osmotic pressure in the extracellular fluid of the 
muscle led to a decrease of cell water in muscle, and a decrease in the extracellular 
osmotic pressure produced an increase in the cell fluid content. Changes in pH 
also caused changes in fluid content of muscle cells. In dogs receiving hypertonic 
plasma, small shifts of fluid from intracellular to extracellular phases have been 
shown to occur (7). 

iiside from these observations on cell fluid changes made by Gilman, Harrow 
and Yannet, and Hastings and Eichelberger, evidence relating to fluid shifts of 
cells is obtained from erythrocytes, various plant cells, and small unicellular 
organisms. These latter studies cannot, in our present state of knowledge, be 
taken as e\ddence relating to tissue cells. 

The question of mobility of cellular fluids is not without considerable import- 
ance in medical problems. Correlation of any possible variation in cell fluid 
volume with morphological changes has not been carried out in any detail. 
Whether the process spoken of as intracellular edema, or acute parench 3 miatous 
degeneration is actually, fundamentally, a matter of disturbance of water balance 
in the cells is an intriguing possibility. In infections, fever from other causes, 
anoxemia, and chemical poisonings where cells are said to become the seat of 
swelling due to increase in water content, it is possible that the mechanism is 
that of some generalized disturbance of osmotic equilibrium between cells and 
extracellular fluids. Aside from the fact that such increases in cellular fluid 
might modify cell metabolism, it is also likely that depletion of the extracellular 
fluid might be carried to a signifleant degree. Such fluid shifts, if understood to 
occur, and also by what means, might be corrected by simple therapeutic pro- 
cedures, assuming that the change itself is deleterious to the cell function. Loss 
of cell fluids is a problem likewise of great significance only briefly studied as to its 
occurrence and significance (8). In the problems relating to depletion of blood 
volume ^^'ith subsequent replenishment from extravascular fluids, the part played 
by cellular fluids is an incomplete^ knowm but possibly significant one. These 
and other aspects of the cell fluid problem indicate the significance of an under- 
standing of the interchange of cellular fluids mth extracellular fluids. 

The approaches to this study are difficult. Study of the responses of cells may 
be made with single cells, as erythrocytes, arbacia eggs, etc. The.se have the 
disadvantage of representing special circumstances that cannot be directly 
transferred to tissue cells in general. Or the study may be confined to observa- 
tions on single tissues where fluid and electrolyte studies are made. This form 
of investigation has much to its credit but whether other cells in the body behave 
in a manner identical, for example to muscle cells, cannot be stated from this 
localized type of investigation. 

W^e have chosen, instead of these two methods of study, the aspect of total 
cellular and extracellular fluid volumes, as representing the most acute form of 
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approach to this question. It is felt that the total cellular and extracellular 
fluid volume changes under varying conditions would represent the most impor- 
tant behavior of the body fluids. 

Methods. In the present study, then, an attempt has been made to produce 
and measure shifts of fluid from extracellular to intracellular phase and in the 
opposite direction also, the objective in mind being only that of demonstrating 
that such shifts can occur. 

Healthy adult mongrel dogs were utilized in this studjL Smaller animals are 
unsuitable since variations of fluid volume changes probably cannot be ascer- 
tained mth the requhed degree of accuracy. 

Six dogs were given large intravenous injections of hypotonic, 0.45 per cent, 
saline (dog 12 received 0.22 per cent). These injections Avere given into the 
jugular Amins in animals anesthetized AAuth pentobarbital-sodium. An average 
of 1330 cc. AAms giAmn to each animal over a period of about 2 hours. The purpose 
of this series Avas to induce fluid to enter the cells as a result of reduction of the 
extracellular fluid osmotic pressure. The ureters of these dogs Avere ligated in 
order to prevent the kidneys from excreting AA’ater and thus avoiding the osmotic 
pressure change. 

In eight dogs, 50 per cent sucrose A\ms given intravenously AAith conditions as 
indicated in the animals receiAung hypotonic sahne except that the ureters AA*ere 
not ligated. Instead, a catheter aa^s placed suprapubically in the bladder so that 
urine could be accuratelj^ collected. Dogs 1 and 2 receiAmd 50 cc. of the hyper- 
tonic sucrose, while the remaining dogs received approximately 200 cc. Those 
animals receiving 200 cc. AAmre girmn injections of 50 cc. each over a period of 
about 1 hour. 

Measurements of the extracellular fluids AAmre made l^y tAA’o methods. The 
first procedure aa^s that of determining the amount of fluid aAmilable for solution 
of thiocyanate (9). The Amlume of fluid in the bod}'' aAmilable for solution of 
thiocyanate Avas accepted as representing predominantly the extracellular fluid, 
although it is likely that a small amount of cellular fluid is included in the calcula- 
tion due to the thiocyanate ion .sloAA'ly entering cells (4) . A control detennination 
of fluid aAmilable for solution of thiocyanate was made in each case, and about 
one hour after completion of the injection a second determination aa^s made by 
reinjecting tliiocyanate. 150 to 200 mgm. of sodiiun thiocyanate Avere injected 
for each determination. The method of LaAuetes and others (10), modified for 
the Lumetron photoelectric colorimeter, AA'as used for the determination of 
thiocyanate. 

The second method utilized in calculating change in extracellular fluid AA’^as 
that of determination of the plasma sodimn before and folloAAung the intravenous 
injection. The method of Butler and Tuthill (11) AA'as used for the sodium 
determinations. The assumption AA'as made that sodium ions do not enter the 
cells, hence changes in fluid volume of the extracellular space Avere considered to 
be reflected by changes in sodium concentration of the plasma (extracellular 
fluid). In the calculation employed, accoimt AA’as taken of sodium added to the 
extracellular fluids in the injected solution, and also sodium lost in the urine. 
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In these calculations, the oiiginal extracellular fluid was that, indicated by the 
control thiocyanate procedure. 

Determination of cell fluid changes was indirect. No accepted method for 
directly measuring cellular fluid being available, changes were calculated from 
urine output, volume of fluid administered, and variations in extracellular fluid. 
Animals were weighed before and at the end of the experiment and it was found 
that no significant amount (less than 30 grams) of fluid was lost by other means 
during the experiment. Total body fluids were arbitrarily assumed to be 75 per 
cent of tlie body weight. It was further assumed that the total body fluid re- 
mained constant over the experimental period, and that any change in extra- 
cellular fluid volume, unaccounted for by urine output of fluid administered would 
be accompanied by a complementary change in the cellular fluid. Although 
these assumptions are not above question they are reasonable. The calculation 
of cell fluid was as follows: 

Ci = T - Exi 

Cs = Cl -{- {Exi - Exi) + F - U 

Cl — Control cell fluid 
Cj = Second cell fluid 

T = Total body fluid (75 per cent of body weight) 

Exi — Control extracellular fluid (fluid available for thiocyanate) 

Exi " 2nd. Extracellular fluid (by thiocj’’anate or sodium) 

F = Volume of fluid administered 
XJ Urine volume , 

In an additional seven dogs, measurements of exirracellular and cellular fluids 
were made imder control conditions consisting of nembutal anesthesia alone 
>vithout injecting any fluids. 

Results and discussion. The results of the entire experiment are expressed 
in table 1. In the series of control experiments the extracellular fluid remained 
fairly constant and sodium and thiocyanate methods checked well in indicating 
these relatively slight changes. Over the period of several hours of obser\'ation 
the average change in extracellular fluid was 0.3 per cent by the thiocyanate 
method and 1.4 per cent by the sodium method. Tlie maximum variation was 
5.5 per cent. These results are in accord with previous observations (4). The 
question that arises here is whether those few variations of larger magnitude, 
though comparatively small, actually occurred, or whether they are indicative 
of error of the method. The fact that sodium and thiocyanate methods revealed 
a similar change would be evidence that some increase actually did occur in the 
extracellular fluid. In this group of control animals cellular fluid changes were of 
the same order as the changes in extracellular fluid, but in the opposite direction. 
The percentage change was slightly less due to the larger size of the cellular phase. 

An analysis of these figures in the control group shows tlie mean change in 
intracellular fluid to be —30 cc. The standard deviation is 25 cc. 

In the group of dogs receiving hypotonic saline the expectatation of finding an 
increase in extracellular fluid was fulfilled. The thiocyanate and sodium figure 



TABLE 1 


Demonstrate^ changes in extracellular and intracellular fluids in all experiments 


DOO VO, 

WEIGHT 

SCN 

WAILABLE 

TLUID- 

CONTROE 

CHANGE IN 
EXTRA- 
CELLHIAR 
TLTJID* 

PER CENT 
CHANGE 

CEELUEAR 

PLHID- 

CONTROL 

CHANGE 

IN 

CEELHEAR 

TIMID* 

PER CENT 
CHANGE 

REUAEKS 

1 

10.65 

3030 

-90 

3.0 

4920 

+90 

1.8 

Control 




+50 

1.7 


-50 

1.0 


2 , 

10.65 

3370 

+40 

1.2 

4580 

-40 

0.9 

Control 




+20 

0.6 


-20 

0.4 


3 

13.10 

3790 

+210 

5.5 

6030 

-210 

3.5 

Control ' 




+150 

4.4 


-150 

2.5 


4 

10.80 

4080 

0 

0 

4020 

0 

0 

Control 




0 

0 


0 

0 


6 

11.07 

3360 

+90 

2.7 

4960 

-90 

1.8 

Control 




+100 

3.0 


-100 

2.0 


6 

9.57 

3020 

-20 

0.7 

4180 

+20 

0.5 

Control 




-20 

0.7 


+20 

0.5 


7 

10.10 

3220 

-150 

4.7 

4350 

+150 

3.5 

Control 




+40 

1.2 


-40 

0.9 


Average . . . 

10.85 

3410 

+10 


4720 

-10 

0.2 

Control 




+50 

1.4 


-50 

1.1 


Average 









both 









methods . . 



+30 



-30 



8 

10.70 

4160 

+840 

20.5 

3860 

+620 

16.0 

1460 cc. 




+970 

23.7 


+490 

12.5 

0.45% NaCl 

9 

12.60 

5000 

+770 

15.4 

4470 

+570 

12.6 

1340 cc. 









0.45% NaCl 

10 

8.40 

2370 

+890 

37.1 

3930 

+170 

4.3 

1060 cc. 




+850 

35.4 


+210 

7.2 

0.45% NaCl 

11 

9.09 

2660 

+1340 

50.0 

4160 

+350 

8.3 

1690 cc. 




+1340 

50.0 


+350' 

8.3 

0.45% NaCl 

12 

10.65 

2860 

+590 

20.3 

5090 

+540 

10.6 

1130 cc. 




+700 

24.1 


+430 

8.4 

0.22% NaCl 

13 

8.14 

2600 

+600 

25.4 

3470 

+720 

20.6 

1380 cc. 









0.45% NaCl 

( 

Average . . 

9.93 

3310 

+890 

26.0 

4165 

+450 

10.5 

1330 cc. 




+900 

27.3 


+440 

10.7 


Average 









both 









methods. . 



+895 



+445 



14** 

12.52 

4170 

-70 

1.7 

6200 

-70 

1.3 

50 cc. 









50% Sucrose 

/ 16** 

11.65 

3850 

-240 

6.3 

4770 

+130 


50 cc. 




-210 

5.5 


+100 


50% Sucrose 

16 

8.14 

3050 

-340 

11.3 

3020 

-210 


200 cc. 








^H||H 

50% Sucrose 

17 

11.17 

4030 

-420 

10.6 

4370 

-220 

Rail 

190 cc. 




-460 

11.5 


-180 


50% Sucrose 

18 

6.10 

2110 

-260 

12.4 

2460 

-320 

12.8 

190 cc. / 




-170 

8.1 


-410 

16.4 

50% Sucrose 

19 

6.72 

2540 

-550 

22.4 

2480 

-20 

0.8 

150 cc. 




-430 

17.2 


-150 

6.0 

60% Sucrose 

20 

5.94 

2110 

-210 

10.0 

2310 

-350 

15.2 

150 cc. 




-300 

14.3 


-260 

11.3 

50% Sucrose 

21 

10.07 

3490 

-190 

5.4 

4080 

-400 

10.0 

190 cc. 









60% Sucrose 

Average . . 

8.02 

2890 

-325 

11.3 

3120 

-260 

.8.4 

180 cc. 




-340 

11.5 


-240 

7.8 

60% Sucrose 

Average 









both 









methods. 



-335 



-250 




* Figures in upper portions of brackets are representative of the thiocyanate method, 
and those in the lower portions the sodium method. 

•* Dogs 14 and 15 received only 50 cc. of hypertonic sucrose, and are not included in the 
calculation of the averages. 
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checked well. The average increase entailed by injection of an average of 1330 
cc. was 890 cc. by the thiocyanate method and 900 cc. by the sodium method. 
The average increase of intracellular fluid wa.s 450 cc. and 440 cc. re.spectively. 
This was an a\’^ei-age increase of 10.5 and 10.7 per cent over the original cellular 
fluid. 

For statistical purposes, the re.sult.s obtained by the sodium method and 
thiocyanate method are combined in the calculations. The mean increase of 
cellular fluid is 445 cc. in the animals receiving h 3 '-potonic saline. Standard 
de^dation i.s 54 cc. The difference between the mean of the control group and the 
mean of the hypotonic .saline group i.s 415 cc., which is 22.G times the standard 
error of the mean difference, 18.4 cc. Thus the difference between the obsciA'ed 
means in the two groups is significant (12). These data therefore constitute 
satisfactory evidence that the cells of the body are capable of adjusting them- 
selves by changes in volume as a result of diffusion of water. 

An evaluation of the factors concerned in this redistribution of fluids is at- 
tended by considerable difiiculty. Cell membi-ane permeability to v-ater, im- 
permeability to sodium, and some elasticity of the cell membrane are inferred to 
exist in order for thc.se circumstances to be fulfilled. The factor which cannot 
be evaluated in our present state of knowledge is what the limits of distensibility 
of the cell membrane, and thus its h\alro.static pre.ssurc effect, would be. This 
factor would be the one which would determine the limit of accommodation to 
osmotic pre.ssuro differences between the cell and its ennronment. Distensibility 
of organ capsules would also possibh' be a contributory factor in the procc.ss of 
intracellular diffusion of water. 

The first two animals which were given hj'pertonic sucrose received such small' 
injections that the changes produced, if any, were not measurable. These two 
animals probabty .should not, therefore, bo considered in an analysis of the 
figures pre.sented here. An analysi.®; of the data in this group of animals, combin- 
ing the results of the sodium and thiocj'anate methods to determine the number 
of observations made, reveals the mean decrca.se in cellular fluid to be 250 cc. 
wth a standard deviation of 40 cc. The difference between the mean of this 
sucrose group and the control group is 220 cc. This figure is 1 5.4 times the stand- 
ard error of the mean difference which i.'; 14.3 cc. 

Greater decrease.s were found to occur in the extracellular fluid where average 
decreases of 11.3 per cent bj" the thiocyanate method and 11.5 per cent by the 
sodium method were encountered. The decrease of cellular and extracellular 
fluids was accounted for entirely on the basis of the large amount of urine output 
which averaged 730 cc. for the group of six dogs. 

It is believed that these figures are indicative of the lact that the body cells 
are capable of giving up water to the extracellular space when the osmotic pres- 
sure of the latter is incrca.sed. In order for this to occur it i.s nece.s.sary to postu- 
late that sucrose remains in the extracellular space .sufficiently long to exert its 
osmotic effect and that it doe.s not enter cells. This latter ha.s been .shown to be 
true by Laviete.s and other.s (10). It is aho nece.s.sary to po.stulate permeability 
of the cell membrane to water, and that the coll is cajiabic of contraction in size. 
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Cells would be expected to undergo decrease in size without difficulty. In 
withdrawing water from cells increasing osmotic pressure m tlie extracellular 
space the matter of cell membrane distensibility \vould not pla}'- the significant 
role which it might play in increase in cell size. It might even be possible to 
calculate cell volume changes on the basis of extracellular osmotic pressure in- 
crease. In order that this be done in our experiments it would be necessary to 
have available information in regard to the amount of sucrose that ivas excreted 
in the urine. Imfortunatelj'' that information is not available. 

If it is thus possible to show that cells can increase or decrease in size due to 
water shifts as a result of changes in o.sm6tic jircssure of cxti-acellular fluid, it is 
quite probable that similar shifts can occur as a result of niodification of osmotic 
pressure wfithin the cells. To what extent such a mechanism might operate 
in health or disease has not lieen detei-mincd. Nor has it been shown that varia- 
tions of osmotic pressure of the extracellular fluid with consequent .shifts of cellu- 
lar fluid occur to any significant degree during health or disease. The fact that 
changes can be induced under experimental condition only suggests that it might 
occur spontaneously. Studies of extracellular fluids liave led to the belief, which 
is in accord with the findings in tliis stud 3 ', that the interstitial fluid is a sort of 
buffer reservoir of fluid that is available to give or receive fluid from cells or 
plasma as occasions demand tiirough osmotic pressure changes. And yet an 
increase or decrease in volume of interstitial fluid maj’^ be accompanied bj’’ a 
similar but lesser change in the plasma volume. Since sodium and chloride are 
confined to the extracellular fluid, cellular fluids would not be expected to partici- 
pate in simple increases in volume of the extracellular compartment without 
accompanjing changes in osmotic pressure. 

After preparation of this paper, recent Avork on dehydration by Elkington and 
others (13, 14, 15), came to our attention. In their work on experimental hyper- 
tonicity they Avere able to produce definite decreases of cellular fluid by intra- 
venous and intraperitoneal injections of hypertonic sodiiun chloride solutions. 
Reductions of as much as 16 to 20 per cent of the intracellular volume were 
accomplished- in sonic animals. The authors discuss the significance of cell 
dehj'dration and other aspects of the problem of cellular and extracellular fluids. 

.SUMMAHV 

As detennined by alterations in the amount of fluid aA'ailable for solution of 
thiocyanate and in the extracellular fluid Amlume calculated bj'- changes in plasma 
sodium, variations in the volume of total cellular fluids AA'ere produced in dogs. 
Introduction of hyjDotonic saline into the extracellular fluids produced a decrease 
in osmotic pressure in the extracellular fluid AAith a consequent increase in cellular 
fluid Amlume. Hypertonic sucrose caused the opposite change, namely, an’ 
increase of extracellular osmotic pressure, and a decrease of cellular fluid. 

In order for these variations in cell fluids to occur it is necessary to postulate 
that the cell membrane is practically impermeable to sodium, chloride, sucrose, 
that it is freely permeable to Avater, that the cell membrane is susceptible to some 
degree of distention, and that cells can contract in volume. 
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Extracellular fluids respond in a manner directly opposed to the ceil fluid 
changes as long as regulatory excretory mechanisms are not in full operation. 

It is concluded that cells do adjust themselves to changes in osmotic pressure 
of their environmental fluid by fluid shifts rather than electrolyte shifts, providing 
the electrolytes concerned do not readily penetrate the cell membrane. 

Assistance was given in some experiments by Mr. C. E. Gordon and Mr. W. 
W. Plasek. 
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The majority of experiments concerning the physiology of the normal kidney 
have dealt with the passage or absorption of various substances through the 
different anatomical units of the nephron. Another approach to this subject is 
to attempt to analyze what occurs mthin the renal tissue itself, particularly in 
reference to the changes in its intracellular and extracellular, components. It is 
now quite widely accepted that in niuscle tissue the chloride is present exclusively 
in the extracellular fluid while the potassium is mainly intracellular (1). How-j 
ever,’ these simple relationships cannot, be assumed a priori to be characteristic 
of kidney tissue. Eichelberger and Bibler in a study of normal and hydrone- 
phrotic kidneys of dogs found that renal tissue, as compared with muscle, con- 
tained higher amounts of water, sodium and chloride and a smaller amount of 
potassium. These differences, were especialty marked in the medullary portion 
of the kidney and it was suggested that the excess sodium and chloride might be 
present in the tubules or the tubular cells (2). Such an interpretation is consist- 
ent with the effort of the kidney to conserve these elements. 

The experiments to be reported below have had for their purpose an evaluation 
by chemical means of the relative amounts of the intracellular and extracellular 
components in the cortical and medullaiy portions of the rat kidney. These 
observations have been made both imder normal conditions and under conditions 
of physiological stress imposed by fluid restriction and fluid excess. ; 

It may be stated at once that it has been foimd that this histochemical ap- 
proach to the state of the kidney tissue has peimitted a quantitative estimate of' 
the relative changes in the intracellular and extracellular phases during diuresis 
and dehydration. 

Methods. Physiological technique. The twenty-four rats used for these 
analyses were divided into four experimental groups to be referred to as: 1, 
normal; 2, dehydrated; 3, isotonic saline diuresis, and 4, distilled water diuresis. 
There were sbe animals in each group. The normal rats were allowed free access 
to food and water; the dehydrated rats were given food but no water for periods 
- varying from twenty-four to forty-eight hours; the isotonic saline group received 
12 to 24 cc. of isotonic saline (154 mEq. NaCl per liter) intraperitoneally, 6 to 12 
cc. subcutaneously, and 7 to 41 cc. by stomach tube over a two to four hour 
period; and the distilled water diuresis group received 28 to 60 cc. of distilled 
water by stomach tube over a seven hour period. 

Collcdion and analyeie of urine. All rats were isolated in cages and the urinary 
output was collected under oil by means of a funnel and its volume measiured. 
The specific gravity of the urine was determined by the gradient tube method 

443 



444 


JOHN M. WELLER 


(3, 4) . Chloride and potassium determinations were made on the urine of about 
half of the rats. All chloride analyses were done by a Vblhard titration and the 
potassium was determined colorimetrically after precipitation as the chloroplati- 
nate (5). The urine solids were calculated by multipljnng the last two numbers 
of the specific gravity by Long’s coefficient (2.GG)(6). The urine output, specific 
gravity, urine solids, and chloride and potassium contents arc shown in table 1 . 

The contrast betw’een the urine of the dehydrated group and the water diuresis 
group is clearly apparent. Tlie fonner had a lower output of urine, but higher 
specific gravity, solid content and concentrations of chloride and potassium than 
the latter group. The mine of the rats receiving excess isotonic saline contained 
chloride in approximately the same concentration as it was administered. These 
differences in the urine of the experimental rats from that of the normal series 
illustrate the physiological responses of the kidney to the imposed ^tresses of 
water deprivation and water excess. If these compensatory mechanisms of the 
kidney are adequate, the partitioning of the body water in the ti-ssues of the body 
will be undisturbed; if they are not, changes should be observed in the propor- 

TABLE 1 
Urine 

Average values for the urine output (cc./hr.) on basis of last measured period before 
death of rat, specific gravity of collected urine, solids (gram/L), chloride content (mEq./ , 
L urine), and potassium content (mEq./L urine). Number of animals indicated in paren- 
theses. 


! 

OUTTCT 1 

SP. CRAV. 

SOLIDS 

CHLORIDE 

pOTASStmr 

Normal group 

Dehydrated group 

Distilled water diuresis group 

Isotonic saline diuresis group 

0.48 (4) 
0.13 (3) 
i 8.45 (4) 

1 11.75 (4) 

1.040 (6) 
1.057 (5) 
1.013 (6) 
1.026 (6) 

106. (6) 
160. (5) 
35. (6) 
09. (6) 

89.1 (2) 
136.0 (2) 
26.7 (3) 
164.9 (3) 

88.6 (2) 
114.7 (1) 
4.30 (3) .. 
6.47 (3) 


tions and composition of the extracellular and intracellular pha.ses of the tissues 
of the body. 

Analyses of serum, muscle and kidney were carried out to illustrate .this point . 

Collection and analysis of the blood and semm. The rats wore killed by a blow 
on the head and the renal vessels wei’e immediately clamped. Blood was ob- 
tained from the heart bj’’ direct puncture. The density of the serum was e.sti- 
mated by the gradient tube method and the protein content calculated according 
to the formula of Moore and Van Slyke (7). By assuming 15 grams of non- 
protein solids per liter of serum, it is then po.ssible to calculate the water content 
of the serum (5). The chloride content of the serum was detennined by a Vol- 
hard titration. The serum water and chloride concentration are given in 
table 2. 

The changes observed were in the direction which one would have expected as 
the result of water deprivation and of excess water and salt solution. 

Treatment and analysis of muscle tissue. Approximately one gi-am samples of 
thigh muscle were removed and analyzed for total solids, lipide, and chloride by 
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means of previously described methods (5). In table 3 are sho\vn the lipide-free 
solids and chloride content of the muscle. 

As would be expected, the solid content increased slightly during dehydratioii 
and decreased greatly during diuresis, while the chloride concentration increased 
markedly in the group receiving isotonic saline. The interpretation of these re- 
sults in terms of. the changes occurring in the extracellular and intracellular 
phases of the muscle will be presented in a later section. 

Treatment and analysis of kidney tissue. The kidneys were removed and after 
being chilled to 5° for 30 minutes, the capsules were stripped. Sections of kidney 
were taken from one-half of the rats for microscopical study. The kidneys 
were divided as nearly as possible into cortical and medullary tissue, minced, then 
each was separated into two fractions comprising two-thirds and one-third of the 
material, respectively. All of these operations were carried out on hai’dened 
filter paper^in the cold room (5°C.). 


TABLE 2 


TABLE 3 


Serwn 


Muscle 


Average values for the serum water 
content (gram/L), and the serum chloride 
(mEq. Cl/kgm. serum water). Number 
of animals indicated by parentheses. 


Average values for the lipide-free 
solids (gram/kgm.) and chloride content 
(mEq. Cl/kgm. lipide-free tissue). Num- 
ber of animals indicated in parentheses. 



SERUM 

WATER 

SERUM 

CHLORIDE 


1 

1 

SOLIDS 

CHLORIDE 

Normal group 

935.0 (6) 

111.9 (5) 

Normal group 

223.4 (5) 

14.29 (4) 

Dehydrated group . . 
Distilled water diu- 

931 .0 (5) 

114.1 (4) 

Dehydrated group . . 
Distilled water diu- 

229.4 (5) 

11.98 (5) 

resis group 

Isotonic saline diu- 

945.1 (G) 

93.4 (6) 

resis group 

Isotonic saline diu- 

205.3 (6) 

13.43 (6) 

resis group 

949.2 (5) 

119.7 (5) 

resis group 

214.0 (5) 

22.52 (5) 


The one-third portions were placed in tared test tubes, weighed, and dried in 
the oven at 90°C. for eighteen hours to determine the total solid content. 

To the weighed two-thirds portions were added 0,75 N HNO 3 (10.00 cc. to the 
cortical portions and 2.00 cc. to the medullary portions). The nitric acid ex- 
tracts were allowed to stand for one hour with frequent stirring, then centrifuged 
and the liquid decanted off to be used for chloride and potassium analyses. The 
tissue remaining after extraction was Avashed Avith 8 cc. of 10 per cent trichlor- 
acetic acid for 20 minutes, centrifuged and the liquid discarded. Absolute 
alcohol (S cc.) was added and alloAved to stand for 12 hours. This Avas decanted 
off and folloAved by an equal amount of alcohol, then tAvo similar quantities of 
ether, each for one hour. All alcohol and ether extracts A\'ere decanted into a 
AA'cighed 50 cc. flask, then evaporated, dried, and the lipides Aveighed. The re- 
maining residue of non-extractable solids Avas dried overnight and AA'^eighed. 

*-Ul chloride and potassium analyses AA'ere done by prcAdously described meth- 
ods (5). Table 4 .shoAvs the data on the lipide-free solids, and the chloride and 
potassium contents of the cortex, medulla and total kidney. The latter AA'as cal- 
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culated from the concentrations present in the cortex and medulla and the 
weights of each portion. 

The solid content of the kidney as a whole increased during dehydration, while 
during diuresis there was a decrease in the solids of the total kidney and the cor- 
tical portion, but little change in the solid content of the medullary portion. 
These changes in solids are in general similar to those found in muscle tissue. 

The chloride content of the total kidney and its cortex showed little change on 
dehydration, but there was a definite increase in the medulla. In the rats having 
a water diuresis the chlorides were low in both portions of the kidney, while those 
belonging to the saline diuresis group had increased chlorides. It is apparent that 

TABLE 4 

■ Kidney 


Average values for the lipide-free solids (gram/kgm.), chloride (mEq. Cl/kgm. lipide- 
free tissue), and potassium (mEq. K/kgm. Hpide-free tissue). Number of Boimals in- 
dicated in parentheses. 


1 


SOLIDS 

Cl 

K 

Normal group 

Cortex 

Medulla 

Total kidney 

201.1 (6) 

162.9 (6) 

191.9 (6) j 

58.70 (6) 
81.36 (6) 
65.24 (6) 

73.23 (3) 
72.09 (3) 

72.. 31 (3) 

Dehydrated group 

Cortex 

Medulla 

Total kidney 

212.9 (6) 
172.6 (6) 
203.5 (6) 

1 

57.18 (6) 
91.26 (6) 
64.98 (6) 1 

1 

78.61 (3) 
69.57 (3) 
76.63 (3) 

Distilled water diu- 
rcBis group 

Cortex 

Medulla 

Total kidney 

' 185.8 (6) j 

160.6 (6) 
178.1 (6) j 

47.52 (6) 
60.21 (6) 
51.47 (6) 

62.90 (3) 
60.54 (3) 
62.00 (3) 

Isotonic saline diu- 
resis group 

Cortex 

Medulla 

Total kidney 

191.1 (6) 
163.4 (6) 

183.2 (6) 

65.20 (6) 
87.56 (6) 
71.67 (6) 

63.02 (2) ' 
65.64 (3) 
61.96 (2) 


water excess causes a much greater loss of chlorides from renal tissue than from 
muscle tissue. 

■ The potassium content of the entire kidney showed an increase on dehydration 
and a decrease during both forms of diuresis. 

Calculalions. From these determinations of tissue constituents, it is possible 
to calculate the partition of the tissue into its extracellular and intracellular com- 
partments and the concentration of various substances in these compartments, 
providing the assumption is valid that the tissue chlorides are extracellular and 
the potassium largely intrrcellular. Tliough this assumption holds for muscle, 
it is probably not apph^-f;*!-^ to kidney tissue v-ithout making certain additional 
corrections for the presence of urine in the tissue analyzed, as developed below. 

The extracellular fluid weight, E, was calculated as described by Hastings and 
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Eiclielberger (8), that is: - >. 

E = -n-eq; Cl/kg^ tissue . ^ 95 
ra.eq. Cl /kgm. serum water 99 

The total extracellul.ar weight, Et, was considered to be equal to the weight of 
the extracellular fluid plus collagen and elastin, which were assumed to be 8 
gram/kgm. in muscle and 5 gram/kgm. in the kidney (9, lO). The intracellular 
weight per kilo of tissue, C, is then equal to 1000— jEr- 

Resudts. Derived Data — Muscle. In table 5, the values of the extracellular 
phase, E, of the intracellular phase, C, and of the intracellular concentration of 
water, (H2O) c, of the muscle tissues have been calculated according to the method 
just outlined. The data indicate clearly a decrease in extracellular fluid of 18 
per cent after deh3’'dration, an increase in extracellular fluid of 10 per cent after 
water excess, and an increase in intracellular fluid of 16 per cent after iso- 
tonic saline excess. There is, furthermore, a decrease in intracellular water in 

TABLE 5 

Muscle — Derived data 

Average values of E and C (grams per kilo of lipide-free tissue) and (HsO)^ (grams per 
kilo of C). Number of animals indicated in parentheses. 


\ 

E 

C 

(HsO)c 

Normal group •. 

135 (4) 

865 (4) 


Dehydrated group 

111 (5) 

889 (5) 

732 (5) 

Distilled water diuresis group 

149 (5) 

851 (5) 


Isotonic saline diuresis group. . . .'. 

156 (4) 

844 (4) 

744 (4) 


dehydration, an increase in intracellular water in water excess, and a negligible 
change after isotonic saline. 

The three per cent shrinldng of the cells in dehj’^dration and the nine per cent 
swelling of the cells after water excess, amounts too small to be detected by micro- 
scopical examination, illustrate the value of quantitative histochemical studies of 
tissues in such expeiiments. 

Derived Data — Kidney. The derived data for E, C, and (H2O) c of the kidney 
calculated according to the method of Hastings and Eichelberger (7) are given in 
table 6. These data indicate a greater extraceUular phase, E, in the medulla 
than in the cortex in all experiments. Tliey also indicate that the extracellular 
'phase of the cortex did not materially change as the result of dehydration or 
diuresis. It would appear from the data, however, that dehydration had resulted 
, in a rather large increase in the extraceUular phase of the meduUary portion. Such 
a result is not consistent with what one might have expected, therefore the prem- 
ises upon which these calculations were based were re-examined. 

The basic assumption' used in the above calculations, but which cannot justi- 
fiably be applied to the kidne}’-, is that all of the chloride found in the tissue is 
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extracellular and is present in the extracellular fluid in a concentration equal to 
that of an ultrafiltrate of blood serum. 

It is obvious that part of the chloride foimd in analysis of the kidne}’’ tissue was 
present in the urine contaminating the tissue. . An attempt has, therefore, been 
made to evaluate the amount of urine in the tissue and from this, obtain a cor- 
rected value for the extracellular and intracellular phases of the cox*tex and 
medulla. 'These revised calculations w'ere carried out as follows. 

It was assumed that all of the chloride of the kidney is present either in the 
urine or the extracellular fluid, and that its concentrations in these two fluids 
equal those found by analysis of urine and'serum. 

TABLE 6 

Kidney — Derived data 

Average values of E and C (grams per kilo of lipide-free tissue), and (HjOlc (grams per 
kilo C). 


1 

i 


E 

C 

(HtO)c 

Normal group 


Cortex 

513 

487 

603 




Medulla 

054 

346 

555 




Total kidney 

530 

470 

601 

Dehydrated group 


Cortex 

509 

491 

581 




Medulla 

755 

245 

299 




Total kidney 

559 

441 

557 

Distilled 

water 

diuresis 

Cortex 

'496 

504 

646 

group 



Medulla 

629 

371 

594 




Total kidney 

537 

463 

632 

Isotonic 

saline 

diuresis 

Cortex 

528 - 

472 

611 

group 



Medulla 

704 

296 

481 




Total kidney 

580 

420 

683 


One may then set up a series of three equations from which the values of the 
extracellular phase, E, the intracellular phase, C, and the urine, U, may be calcu- 
lated. These equations are: 

E + C +U = 1000 (2) 

1000 Clr = (CI)£; X U + (C1)h X E (-3) 

1000 Kr = (IQt/ X t/ 4- (K)c X C 4- (K);, X E (4) 

The values of Kr and Clr are found by analysis of the kidney tissue, (Cllt; and 
(K)y by analysis of the urine, and (CDs by analj'sis of the serum. The values of 
IK)c and (IQr are assumed to be constant and to have the values of 120 mEq. 
per kilo of cells and 4 mEq. per liter of ex-tracellular fluid, respectively. The 
equations are then solved for E, C and U. Tlxese revised values are given in 
table 7. 
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From these revised figures we see that the cellular phase, C, constitutes about 
45 per cent of the cortical portion of the Iddney and is increased during both 
diuresis and dehydration, but to a greater degree in the latter. In the medulla, 
the cellular phase constitutes about seventeen per cent of the normal kidney, 
twenty-seven per cent of the dehydrated Iddney, and about forty-six per cent of 
the Iddney which is undergoing diuresis. It is possible that the larger cellular 
phase in the medulla of kidneys which are excreting excess fluid is due to the swell- 
ing of these medullaiy cells as the larger amount of hypotonic fluid passes into 
them from the tubules. These calculations lead to unreasonably low, and even 
negative values for the urinaiy phase in the case of distilled water diuresis. The 
presence of intracellular chloride would account for such negative results. 

" TABLE 7 

Kidney 


Bevisecl values of C, E and U (gram/kgm.) 




C 

'r. 

u 

Normal group 

Cortex 

448 

348 

204 


Medulla 

166 

257 

577 


Total kidney 

369 

329 

302 

Dehydrated group 

Cortex 

535 

352 

113 


Medulla 

274 

421 

304 

k 

Total kidney 

475 

367 

158 

Distilled water diuresis 

Cortex 

507 

486 

6 

group 

Medulla 

487 

655 

-143 


Total kidnej' 

500 

539 

-39 

Isotonic saline diuresis 

Cortex 

507 

400 

93 

group 

IMedulla 

436 

129 

435 


Total kidney 

495 

283 

221 


It is possible to calculate the concentration of intracellular water by the follow- 
ing method. The total lipide-free kidney sohds, St, are equal to the sum of the 
cell solids. Sc, the extracellular fluid solids, Se, the collagen and elastin, Sco, and 
the urinary solids, Su- St is known by analysis; Su is equal to the product of the 
urinary phase, U, and the concentration of solids in the urine -i- 1000; S is equal 
to the product of the extracellular phase, E, and the concentration of its solids 
(10 gram/kgm.) -4- 1000 and Sco is equal to 5 gram/kgm. tissue (by assumption). 
The cell solids. Sc, are then readily calculated. The intracellular water, IIjOc, 
is equal to the difference between the cellular phase, C, and the cell solids; the 
concentration of intracellular water per kilo of cells, (H20)c, is HoOc/C X 1000. 
These values are shown in table 8. 

Accordmg to these calculations the intracellular water concentration of the 
Iddney increases during both dehydration and diuresis. This change is more 
pronounced in the medullar^’ portions than in the cortical portions. This would 
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appear to be additional confirmatoiy evidence that the medullary cells are swollen 
by the passage of water into them as it is salvaged from the urinary phase for the 
maintenance of the body fluid. 

When we compare these derived values for the cellular water concentration 
with those in table 6 calculated by the method of Hastings and Eichelberger (8), 
we find that the new' values are in general somewhat higher, the majority being 
around 65 per cent. Manery and Hastings (1) came to the conclusion that 
reasonable values for the intracellular water were between 70 and 75 per cent. 
Therefore, it seems apparent that the present method of calculation leads to 
values of (H 20 )c w'hich are more consistent with the present knowledge of the 
histochemical composition of tissues. It does not, however, preclude the possi- 
bility of some intracellular chloride in kidney tissue. 

Discussion. The physiological and histological complexity of renal tissue 
introduces many difficulties which are not encountered in the analysis of other 
more simple and more homogeneous structures. The urine electrolytes as meas- 
ured in the collected specimen are probably not a true representation of the vary- 
ing electrolyte concentrations w'hieh exist in the renal tubules. In addition, the 


TABLE 8 

Kidney — Derived data 

Intracellular water concentration, (BtO)c, (gram/kgm, C) 



CORTEX 

MEDtaiA 

TOTAt KtONElf 

Normal group 

616 

652 

654 

— ^ 

433 

590 

Dehydrated group 

582 

643 

Distilled water diuresis group 

679 

661 

Isotonic saline diuresis group 

654 

709 

677 



assumption that chloride is mainly extracellular and potassium intracellular is 
probably not valid for the kidney as these substances at times must pass through 
the tubular cells and reenter the extracellular fluid. The fact that the electrolyte 
relationships of the medullary portion differ from those of other tissues, such as 
muscle, is supported by the figure-s ■which have been presented. The cortical 
portion, however, would appear to have an electrolyte pattern more closely ap- 
proaching that of other tissues and is evidently less influenced by the physiologi- 
cal activity of the kidney. 

The author wishes to express his appreciation to Dr. 0. H. Lowry and Dr. A. 
B. Hastings for their interest and assistance throughout the course of this work. 

SUMMARY 

1. An attempt has been made to analyze the histochemical relationships of the 
kidney and the effect of dehydration and diuresis on these relationships. The 
accompanying changes which occur in the muscle, the blood and the urine are 
also presented. 

2. A new method of calculation of these histochemical relationships has been 
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proposed which includes the ui'inary phase in addition to the intracellular and 
extracellular phases. More reasonable values for the intracellular water are ob- 
tained by this method. 

3. Histochemical analysis is offered as a new means of approach to the investi- 
gation of the complexities of renal physiology, 
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Of the electrocardiographic changes which develop in man and experimental 
animals subjected to low oxygen tensions the changes in T and S-T have received 
the most attention. In the anoxic dog (8) these changes differ in direction from 
those in the human (11), but they are equally striking. In both the dog and the 
human the changes have been attributed to anoxia of the myocardium. 

Another change, a reduction of the height of the R wave in all tlrree conven- 
tional limb leads, has been observed in human electrocardiograms beginning at 
various altitudes between 5000 and YO, 000 feet (1), but at these levels changes in 
T and S-T were found to be small and inconstant. Seeking to find an early sign 
of change associated with oxj^gen want, Randall (10) recently studied the 
changes in the EGG of the dog as the O 2 content of the inspired air was slowly re- 
duced by rebreathing. He recorded a reduction in the height of R in all limb 
leads, usually accompanied by flattening and splintering. The changes were 
graatest in lead III, The possibility that these changes were early signs of im- 
pairment in conduction was considered, but this interpretation was rendered 
improbable by the associated findings of slightly reduced P-R interv'^als and re- 
duced duration of QRS. These intervals were lengthened only at the crisis. 
Changes were noted in the T and ST records also, confiiming observations of 
others, ECG’s alone are insufficient to explain any of the electrocardiographic 
changes that occur in dog or man. 

The present experiments were designed to attack tliese problems directly, cor- 
relating vith the EGG other data from local leads on the hearts of open chested 
preparations and measurements of changes in the size of the thorax in closed 
chested animals under the influence of anoxia and in other conditions that ap- 
peared to simulate the changes seen in anoxia. 

Animal preparations and recording. Sixteen dogs were used. They were 
anesthetized with morphine sulfate (about 2 mgm. per kilo) and Na barbital (180 
mgm. per kilo). In the experiments using direct leads, the chests were opened 
by midline incision of the sternum. Usually the heart was suspended by seMng 
the opened pericardium to the retracted edges of the chest opening. 

For simultaneous multiple clectrographic registration, three string galvanome- 
ters and, in some experiments, a G. E. Victor Electrocardiograph were arranged 
to record on the .«ame camera. The .speed of the photographic paper in local 

» Now at St. Louis University. 
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recording experiments was 150 inin. per second, or 6 times the usual rate for elec- 
trocardiography, and in other experiments, 90 mm. per second. Bipolar con- 
tiguous electrodes whose construction and properties have been described (6) 
were used for direct local leading. For electrocardiograms, metal plates covered 
with cotton saturated with Locke’s solution were implanted under the skin of the 
left forelimb and the left thigh . Since it has recently been shoum that the changes 
in anoxia are qualitatively alike in all leads, but greatest in L-III, these experi- 
ments have been concentrated upon L-III. 



Fig. 1. Burlage and Wiggers’ rebreathing respirometer with the additions that were 
required for its use with artificial respiration. See text. 

Natural respiratory movements and artificial inflation and deflation were 
registered along with the electrograms in manj’- of the experiments by means of a 
shadow casting lever attached to the membrane of a tambour. The tambour Avas 
activated by the pressure changes in cither a pneumograph or pleural cannula 
during the parts of experiments when the animals’ chests were closed, and by a 
side tube from the artificial respiration line during open chest procedures. 

Respiratory apparatus. The deAdce used for the control of the oxygen content 
of inspired air during rebreathing procedures was a modification of the respirome- 
ter of Burlage and Wiggers which AA^as described by Randall (10) .The modifica- 
tions required for open chest experiments AA’ere those incident to the addition of 
artificial respiration to this closed circuit system (see fig. 1). The principal 
change was the addition to the circuit of a piston pump E AAdth an adjustable 
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stroke volume, the variation being made by changing the length of the stroke by 
means of an adjustable lever. It was found necessary to include an adjustable 
resistance R in the line distal to the connection to the animaFs trachea, F. With- 
out this, the animal’s chest would not be inflated. The air would pass freely 
through the small resistance of the soda lime, G, leaving the animal vith grossly 
insufficient respirations. Oxygen content is expressed in percentage units. All - 
experiments were done at laboratory atmospheric pressures, i.e., about 750 
mm. Hg. 

During the reduction of O 2 by rebreathing, water was added as O 2 was removed, 
thus keeping the record on the long paper kymograph L working on the* same 
horizontal line throughout. The per cent of O 2 could be read approximately from 
the water bottle C at any moment. Samples were taken periodically for confirm- 
ing analyses. The gas analysis re.sults are the figures reported. After the O 2 
content of the respirometer tank had been reduced dovm to the desired minimal 
percentage by rebreathing, it was stabilized at that percentage by adding oxygen 
from the tank attached at H, the oxygen being admitted at a rate just equal to 
that of its utilization. 

Results. Inierpitnclal and electrocardiographic intervals, and changes in voltage 
in local spikes and in R of the ECG, recorded from animals with open chests. From 
simultaneously made records of two or three direct leads and an ECG measme- 
ments were made of the intervals between spikes from direct leads on two well 
separated placements; of the durations of the P-Rand QRS portions of the ECG; - 
and of the heights of the spikes from local leads, and of R of the ECG. In any 
reduction of conduction rate wthin the ventricular system the interpunctal 
intervals between local leads might be expected to increase and the width of QRS 
should increase. A slowing of A-V conduction would increase the P-R interval. 

If the reduction in the height of the R complex, observed in moderate anoxia, 
represents real reductions in the voltage of action potentials of the muscle then 
the spikes in the records from direct leads should be coiTespondingly reduced. 

To test for the occurrence of such changes, a record was made approximately at 
the end of each 15 minutes during the time that the o.xygen content of respired 
air w'as being reduced by rebreatliing and while the chosen low oxygen mixture 
was maintained. The results of the measurements in the different experiments 
are fairly represented by the data from two experiments sho^vn in table 1. 

In experiment 3 the interpunctal intervals were measured betw'een leads on the 
early part of the right ventricle near the septum and the anterior left ventricle 
left of the apex. In experiment 9 local leads w'ere on the right ventricle near the 
septum and on the left ventricle midway between the anterior descending artery 
and the whorl. In experiment 3 a diminution of the interval between onsets of 
local spikes by 1.5 msec, is shown at about 10 per cent O 2 and a lengthening occurs 
when the O 2 is between 8 and 6 per cent. During this period of reduced intenml 
(10 to 8 per cent and slightly beyond), a shortening of the P-R and QRS intervals 
of the ECG is shown also. In experiment 9, the diminutions appear in the 12 
per cent line, but a return essentially to the control figures is seen at 7| per cent. 
The diminutions are not great, but they occur, and they may be interpreted as 
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indicating tliat there is no retardation in conduction .during anoxia down to 8 
per cent or slightly less. On the contrary, the process appears to be slightly 
accelerated. The voltage of local spikes remains essentially constant at all O 2 
concentrations down to less than 8 per cent. In experiment 3 there" was a 
decline in one local lead 30 minutes after the rrieasurement at 8 per cent at a time 
when analysis showed 6.5 per cent O 2 , and in the other lead only after 15 addi- 
tional minutes in the 6.5 to 7 per cent range. In experiment 9 the first reductions 
■occurred after about 10 minutes at the 7.5 per cent stage. The voltage of R 
in the EGG of the open chested animal is shovm to be equally resistant to rcduc- 
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Changes in inicrpunclal and electrocardiographic intervals, voltages and arterial pressure 
' associated with reduced O2 in inspired air 
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The time measurements were made with the aid of a magnifier and a 3 msec, scale. 
Errors of reading are within limits of ±1 msec. 


tion by anoxia. No reductions are seen above the 7 and 7.5 per cent measure- 
ments. This is in sharp contrast to the changes in the height of R from animals 
with unopened chests which show a marked reduction in the region of 11 to 8 
per cent O 2 as previously reported (10) and confii’med m experiments to follow. 

Upon direct observation of hearts in the 10 to 8 per cent O 2 zone they are seen 
to be veiy cyanotic and usually appear small and contracting vigorously, '\\fiien 
cardiac failure ocem-s a considerable and sometimes rather sudden dilatation is 
seen. This is followed quickly by incomplete and then complete heart block and 
standstill, as described by Greene and Gilbert (3). More gradual dilatation is 
seen in some cases. 

/ 

The tolerance of the heart and circulatory system to anoxia shown in experi- 
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ment 3 is more nearly typical of the majority of dogs studied than is that in ex- 
periment 9. The ditference was manifest chiefly in the duration of the low oxy- 
gen period endured before circulatory and cardiac failure supeiTened. In no, 
3 the oxygen content of inspired air was held at the 6,5 to 7 per cent level for a 
period of approximately 75 minutes before heart block and failure occurred, 
while in no. 9 a comparable O 2 level produced block and failure within a period 
of 15 minutes or less. One animal showed still less tolerance, block and failure 
occurring at 9.4 per cent O 2 . This level had been maintained for 12 to 15 
minutes. This animal probably belongs in the “nontolerant” group (10).' The 
reason for the differences is not knovTi. Of the ten dogs with artificial respira- 
tion from which data are available one failed at 5.0 per cent O 2 , one at 5.6, two 
at 6.0, three at 7, one at 8 and one at 9.4. The usual barbitalized dog with 
artificial respiration can maintain life at an 8 per cent O 2 level for an hour or 
longer. Below 6 per cent the period usually is limited to veiy few minutes. 

The blood pressure changes during progressive anoxia were very much alike in 
one feature. In eveiy experiment except one there w'as a rise above j;he control 
pressure when the O 2 content was betw-een 12 and 9 per cent. As O 2 was further 
diminished, the pressure progi-essively fell from this peak. During the early 
mild anoxic period of 18 to 13 per cent in some experiments there w'as an initial 
decline in pressure followed by the rl-se at 12 to 9 per cent and the subsequent 
fall. 

The beginning of the final decline in arterial pressure definitely preceded any 
obvious cardiac chlatation, the lengthening of an 3 >- intervals beyond the normals 
or the decline of potentials. 

The foregoing obseiwations by direct leading revealed no changes in conduc- 
tion or voltage w'hich could explain the flattening and splintering of the R wave 
in moderately anoxic dogs with closed chests, nor have flattening and splintering 
of R complexes been observed in anoxic dogs with open chests. Therefore, 
experiments w'ere devised to seek the cause outside of the heart. Since hyperp- 
nea to at least two or three times the normal minute volume commonly occurs 
in breathing an atmosphere with considerably reduced oxygen content it was 
logical to look to hyperpnea and to physical changes which accompany it for 
possible causes. For these experiments dogs with closed chests and spontaneous 
respiration were used. 

Effects of anoxic and CO 2 hyperpnea and artificial inflation on the ECG. Figures 
2, 3 and 4 show the lead III electrocardiograms and respiratory tracings of a dog 
breathing a noimal atmosphere in figure 2, after rebreathing down to 8.2 per cent 
O 2 in figure 3 and after returning to air for 5 minutes in figure 4. In the control 
period, the height of R is 11 mm. in inspiration and 12 mm. upon expiration. 

In figure 3 the height of R is 4 mm. during inspiration and 6 mm. during expira- 
tion. In figure 3, also, the steepness of the rise of R shows some reduction and the 
summit is flattened. Tlie S-T interval and T show^ an increased elevation. In 
figure 4 there is partial }-ecovery of the control height and shape of R, %vhile T 
and S-T have lost some of the elevation that they gained during anoxia. Figure 
5, made after 23 minutes on air, shows apparently complete recovcr>^ 
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At the 8.2 per cent stage the respiratoiy rate was aliout three times the control, 
and the deptli, though irregular, averaged near that of the control. This type 
of shallow rapid respiration is seen frequentlj’’ in anoxia and has been described 
as typical of anoxic h 5 ’^perpnea in the human (5), although there are exceptions. 

The maintenance of a small tidal volume could obviouslj^ be correlated with the 
smallness of the variation in the height of R associated with the phases of respira- 



Figs. 2 through 10. Respiratoiy record above and lead III electrocardiogram below. 
Inspiration or inflation downward. Reduced to J original size. 

Fig. 2. Control ECG with quiet respiration of normal atmosphere. 

Fig. 3. After rebreathing down to 8.2 per cent O2, CO2 absorbed. 

Fig. 4. Five minutes after return to air. 

Fig. 5. Twenty-three minutes after return to air. 

Fig. 6. During CO 2 lyperpnea. 

Fig. 7. During artiflcial inflation without anoxia. 

Fig. 8. Another experiment. Control on normal atmosphere; A, during expiration; B, 
inspiration. 

Fig. 9. Same experiment after rebreathing down to 8.0 per cent O2; A, expiration; B, 
inspiration. 

Fig. 10. After rebreathing to 5.8 per cent. Respiration had stopped. 

tion. But the overall change in height and shape is far greater than the phasic 
variation. To explain tliis on a basis of inflation would require a maintained 
inflation, i.e., an increased expiratoiy volume of the chest. Gesell and Mo 3 '^er 
(2) have reported an increased expiratoiy circumference of the chest in anoxic 
dogs, and an increase in the expiratoiy volume of the human chest during ah- 
hunger and dj’^spnea has been reported by Greene and Swanson (4). The 
e.xpiratory girth of the chest was measured at frequent intervals during the de- 
velopment of anoxia in our later experiments. During anoxia the expiratoiy 
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girth of the dog’s chest unfailingly increases. The usual amount of this increase 
in an 8 kilo dog at 10 to 8 per cent O* is 10 to 15 mm. During normal quiet 
respiration the phasic changes in girth from inspiration to expiration (tidal 
changes) are from 1.5 to 3 mm., therefore a 15 mm. change in e.xpij-atory circum- 
ference is a large change. During hyperpnea from ano.xia the tidal changes 
seldom arc greater than 5 mm., but during the very deep respirations of CO 2 
hyperpnea tidal changes as great as 25 mm. have been measured. The expiratoiy 
girth of the animal in CO 2 hyperpnea is no larger than that of the control measure- 
ment and may be 3 or 4 mm. smaller, thus ditfenng markedly from the expiratory 
size in anoxia. 

Corresponding v'ith the failure of the expiratoiy circumference to increase in 
CO 2 hyperpnea, figure 6 shows that the ECG remains normal during the expira- 
torj’' phase, while suffering a diminution and flattening of R during the inspiratory 
phase. Figure 7 is a record of artificial inflation of the dog ^rith closed chest by 

TABLE 2 


Relation of thoracic girth to height of Rm 
(From experiment illustrating fig. 2-7) 



GIRTIX 

nErcrrr of r 


cm. 

mm. 

Anoxia Control, Expiration 

39.7 

12.5 

8.2 per cent O 2 , Exp 

41.6 

6.5 

Insp 

41.9 

5.5 

CO 2 liyperp. exp 

39.7 

12.0 

Insp 

42.2 

8.0 

Art. Resp. deflation 

40.0 

11.5 

Inflation 

41.5 

6.5 


use of the artificial respiration apparatus. Here also, it is seen that during in- 
flation R dimim’shes markedly in height and is deformed in a manner resembling 
that of anoxia in figure 3. S-T and T remain unchanged during CO 2 hyperpnea 
and artificial inflation. 

Quantitatively, the reduction in height of R with a given overall increase in 
chest girth is greater in anoxia than during the deep inspiration of CO 2 hyperpnea, 
but equal to that of artificial inflation. Tlic lowering and distortion of R are 
greatest when the chest is largest. After returning the anoxic animal to air the 
change in R and the increased girth decrease and disappear together. In an 
occasional animal there is little change in R with anoxia. In these there is little 
change in expiratory girth. Figures 8, 9 and 10 are from such an experiment. 
T'he measurements of girth and the simultaneous heights of R in the experiment 
from which figures 2-7 were taken are .shown in table 2. The close corre- 
spondence between girth and height of R in the slower changes in inflation is very 
striking. The divergence from this relationship in the quick violent in.s’pirations 
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of CO 2 hyperpnea probably means that in these fast movements there is insuf- 
ficient time for physical equilibria between intrathoracic pressures and positions 
of organs to be achieved. 

It was pointed out earlier that S-T and T in figure 3 (8.2 per cent O 2 ) were 
elevated above the control record, figure 2. Figures 8, 9 and 10 from another 
experiment show this elevation with anoxia tnore emphatically. Figures 8a and 
8b are control records of expiration and inspiration respectively, while breathing 
air. Figures 9a and 9b are expkation and inspiration after rebreathing O 2 down 
to 8.5 per cent, and 10 w^as made just after jespiratory movements stopped. The 
O 2 content of the tank was 5.8 per cent. In tliis experiment there is no elevation 
of S-T at 8.5 per cent, but at 5,8 per cent there is a large increase in the slope of 
S-T and in the height of T which rose from 2 mm. to 5.5 mm. 

The elevation and widening of T with greater steepness of slope of S-T occurs 
in all or almost all cases of anoxia in dogs wth closed chests if T w^as upward in the 
control. In the experiments with an'inverted T, the inversion disappeared and 
in some cases w'as replaced by a small positive wave. 

In the open chested animals, changes in T with anoxia were never large and 
striking as in closed chested preparations, but they occurred. The direction of 
the changes, like those in the unopened chests, were upward, and in case of in- 
version in the control the inversion usually disappeared, though in one case it 
remained and the downward T merely widened. In both open and unopened 
preparations there were mde variations in the low^ering of the O 2 percentage re- 
quired to produce the first detectable change in T. Changes came as early as 
10.5 per cent in some cases, but usually were not marked until the per cent of 
O 2 reached a level below 9. 

Discussion. The reduction in the height of R, especially Rm in anoxic dogs, 
together with the flattening and splintering that commonly accompany the 
reduction have been shown to be associated with the enlargement of the thorax. 
Since the changes are roughly proportional to changes in chest girth and can be 
duplicated by artiflcial inflation when the animal is fully oxygenated, these 
changes can be regarded as extrinsic to the heart itself and therefore without 
value as an indicator of the tolerance of the heart to anoxia. The reduction and 
distortion are great at O 2 levels w^ell above the range of 7 per cent and below at 
which' intrinsic reductions do occur. At these lower levels rapid dilatation and 
failure are always imminent. Real reductions in voltage shovm by direct leads 
may be regarded as terminal events. 

The fundamental reason for the changes in R in the dog with expanded chest . 
and vith or without moderate ,ano:da could be conceived as resulting from 
changed conductivity between the heart and the body wall, or as resulting from 
a changed position of the heart which would rotate its electrical vectors. A 
number of observations' combine to rule out a simple resistance or conductivity 
change as playing any major role. A change due to increased resistance should 
be present and in the same proportion in all deflections of the ECG. The record 
shows that when R is reduced markedly bj’^ inflation or anoxia, P is not cor- 
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respondingly reduced. The same may be said for T, though T deserv'es special 
mention which is given later. The change in R itself is not a symmetrical reduc- 
tion, but a distortion. 

Rotation of the heart with its consequent change in the relation of the QRS 
vectors to the plane of the leads is the probable answer. Randall’s records have 
abundantly shovm that the reduction of R occurs in all three leads. Therefore, 
there are no reciprocal changes in leads I and III, and the alterations are not 
explainable as right or left axis deviation. In the human, the records of Katz 
et al. ( 7 ) and of others have shonm that the diminution in the height of R in all 
leads occurs in some anoxic individuals, but not in all. In those vrith reduced 
R in all leads, the QRS changes resemble those of the dog with expanded chest. 
Some of their other human subjects showed QRS changes in the direction of right 
axis deviation or the reduction of left axis deviation (compare Katz’ figs. 1 and 
3 vith 6 hnd 6). This latter is the change most frequently seen in deep human 
inspiration. In the light of the ECG findings in dog and man and the previously 
referred to reports ( 4 ) that the human, like the dog, exhibits chest expansion upon 
the development of anoxia, w’e may summarize by saying that upon enlargement 
of the thoraces of dogs and some men their hearts in all probability undergo a 
displacement of a kind which reduces R in all leads and produces some distortions, 
the greatest changes being in lead III. Tliis appears to adequately account for 
the change in R of the ECG of the dog and perhaps the human with similar- 
changes at O2 levels doum to about 7 per cent. 

The changes in T and S-T do not parallel those of R. In the dog as anoxia 
develops T becomes higher, whereas R becomes lower and these changes fail to 
correspond in time of onset and in quantity. S-T and T are not changed 63' 
artificial inflation or deep in.spiration, but R is reduced and deformed by them. 
Therefore, the changes in R and tho.se in T and S-T must have different causes. 
The fact that in open chested animals anoxia produces some elevation and 
\ridening of T, while there was no change in R, supports this view and seems to 
indicate that moderate anoxia of the heart does produce a change in T and S-T 
as reported 63^ Kountz and Gruber (8). 

Ma3’’ ( 9 ) found that the decline in T in the human ECG with anoxia was great- 
est in 3’‘0ung athletic individuals and that it was very small in the aged. The3’’ 
inferred that the T change is associated with the adaptation of the heart to greater 
stress. In some of our animals the changes did not occur until levels ordinarib'' 
associated with obvious dilatation and the beginning of failure were reached, 
but in others they began at 10 to 11 per cent when the blood pre.ssure was high. 
A pos.siblc interpretation is that the T wave changes are signs of greater cardiac 
stretch whether it be -within normal limits and compensated by contractions 
of greater amplitude or imcompensated and associated 'with a weakened myo- 
cardium. Since the anoxic changes in T in dog and man are in opposite directions 
one miglit question the supposition that they have similar causes. But the 
changes become noticeable in the published human records at about the same 
O2 levels as in some of our records from dogs. 

We may conclude that the height of the R complex is no indicator of cardiac 
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response to anoxia. It is a result of asjTnmetrical respii’atory stimulation (in- 
creased inspiratory tonus). The change in T, though apparentlj^ of cardiac 
origin, cannot at present be interpreted as a sign of cardiac damage or danger in 
anoxia, though further quantitative studies might give it value as a sign. 

. STBCMARY ^ 

Direct leads from the ventricles of dogs ivith open chests and simultaneous!}'' 
recorded electrocardiograms sho-w no lengthening of interpimctal intervals or 
of P-H or of the duration of QRS at any level of anoxia to below 8 per cent in 
inspired air. On the contraiy, there is often a small diminution of inteiwals dur- 
ing moderate anoxia. At 7 per cent O 2 and below, ■v\ith cardiac dilatation and 
failure, the inteiwals do lengthen. 

There is no reduction in voltage of local leads or of R of the EGG at any 
O 2 level down to below 8 per cent. 

Dogs with artificial respiration A'^ary considerably in then- tolerance to anoxia. 
In the usual case, a level of 8 per cent can be tolerated for an hour and longer. 
However, one animal out of ten so treated failed at 9.4 per cent after about 15 
minutes at this level. 

With the development of anoxia, the animal with closed chest and spontaneous 
respiration shows reduction in height of the R complex and usually a distortion, 
flattening of the summit, or splintering. These changes occur at the com- 
paratively safe levels of 11 to 8 per cent O 2 . 

As anoxia develops the girth of the chest during expiration is increased. The 
reduction in the height of R is roughly proportional to the increase in girth. The 
change in R can be produced without anoxia by artificially inflating the chest. 
It is not due to changed resistance, but veiy lilcely to rotation of the heart. 

The elevation in T which occm's in anoxia cannot be produced by inflation and 
it appears to be of cardiac origin. It is probably due to a dilatation of the heart, 
compensated or xmcompensated. 

Certain correlations between observations on animal and human electrocardio- 
graphic changes in anoxia are attempted. 
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The first report of oxygen poisoning was that of Paul Bert who described con- 
vulsions in animals exposed to oxygen under increased pressures (1), The pri- 
mary effect of continuous inhalation of pure oxygen at sea level atmospheric 
^ pressure is the production of congestion and edema in the lungs, which was de- 
scribed by Lorraine Smith (2) and subsequently by Hill (3), Karsner (4) and 
others. In a recent extensive review of oxygen poisoning Stadie, Riggs and 
Haugaard (5) concluded that respiratoiy symptoms predominate as a result of 
the action of oxygen at 0.8 to 2 atmospheres, while central nervous symptoms * 
occur at higher pressures. It has, however, been repeatedly noted that a lethar- 
gic state Is observed in dogs, rabbits and other animals during the first twenty- 
four hours’ inhalation of 100 per cent oxygen (Binger, Faulkner and Moore (6) ). 

Barach (7) was not able to increase resistance to oxygen poisoning in rabbits 
by gradual increase in the concentration of oxygen in the inspired air. Drinker 
and his co-workers (8, 9) carried out studies on rats exposed to four atmospheres 
of air pressure in which progressive cellular hypertrophy and hyperplasia of the 
alveolar walls were found as a result of the increased oxygen pressure. These 
changes persisted for months after return to normal pressure, and occurred in 
both young and old rats, but to a greater extent in the older ones. The histologic 
structure resembled an exaggerated form of that normally found in une-xposed 
young rats. The animals that had been previously exposed, as well as the 
younger unexposed animals, revealed an increased tolerance to high air pressures 
equivalent to 0,8 atmosphere of pure oxygen. The possible protective function 
of these structural changes was additionally suggested by the presence of thick- 
ening of the walls of the pulmonary arterioles. Hcderer and Andre (10) reported 
a greater tolerance to o.xygen in young than in older rabbits but found an in- 
creased sensitivity rather than increased tolerance with previous ex^posure; the 
latter finding was reported by Almeida (11). Sayers (12) reported that rabbits 
could live for at least six weeks in 100 per cent oxygen when exposure was limited 
to sixteen out of the twenty-four hours. Barach and Soroka (13) confirmed this 
but noted that chronic changes were present in the lungs of these animals, char- 
acterized by thickening of the alveolar wall, infiltration of the alveoli with mono- 

iThc work descrihfJ in tins paper wa.q done under a contract (OEMemr-"j7), recom- 
mended by the Committee on Medical Research, between the OfTicc of Scientific Re.search 
and Development .'ttid the College of Phy.sicians and .Surgeon.s, Cohirnbia University, New 
York Cit}'. 
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nuclear cells and evidence of scattered organizing pneumonia.^ Paine, L3Tin and 
Keys (14) showed that exposure to ah* part of the time incre^ed the length of 
life of dogs in 100 per cent oxygen. , 

Increased concentration of carbon dioxide increases the toxicity of oxygen at 
several atmospheres of pressure. Gesell (15) states that exj^gen at high tensions 
enhances the sensitivity of the animal to the administration of carbon dioxide, 
Pwing to the broken co-ordination of the dual function of hemoglobin, which leads 
to an acidosis. Behnke and others (16) showed that subnormal levels of alveolar 
carbon dioxide tension, produced by artificial hyperventilation, decreased the 
severitj’’ of oxygen poisoning, whereas increased percentages of carbon dioxide in 
the mixture hastened the convulsive effect of oxygen at elevated atmospheric 
pressures. Campbell (17, 18) reported that inhalation of increased concentra- 
tions of oxygen resulted in an increase in tissue oxygen pressure and carbon di- 
oxide pressure. 

In the human subject, Evans (19) and Boothby, Mayo and Lovelace (20) have 
reported that inhalation of pure oxygen by mask for periods of two to four days 
takes place vnthput apparent pulmonary irritation. However, this does not ne- 
cessarily indicate that the adult human being is not sensitive to oxygen poisoning 
since the mask is from time to time removed for feeding and other rea- 
sons. Becker-Freysang and Clamann (21) reported nausea and malaise at the 
end of sixty hours in 90 per cent oxygen, and on the third day the development of 
broncho-pneumonia in one of the experimenters. Charles C. Chappie (quoted by . 
Stadie et al. (5)) found a high tolerance to 85 per cent oxygen in premature in- 
fants. . He treated premature infants weighing less than three pounds for periods 
as long as three weeks in this high oxygen concentration, maintaining a relative 
humidity close to 100 per cent, without observing anj'^ signs of oxygen poisoning. 

Barach and Richards (22) found that patients with pre-existing severe chronic 
anoxia after twenty-four to forty-eight hours’ residence in an atmosphere of 50 
per cent oxygen may develop a subdued and at times comatose state with head- 
ache and h’rationality. In cases of chi-onic pulmonary, disease, such as pulmon- 
ary fibrosis and emphysema, there is a progressive and marked increase in the 
carbon dioxide content of arterial blood, accompanied by an increased elimination 
of chloride ions and a decrease in pulmonary ventilation. Continuation of ex- 
posure.to 50 per cent oxygen in these patients is accompanied by a disappearance 
of the irrational and comatose state, despite continued high levels of carbon di- 
oxide. In patients whose respiratory function later improves, the carbon di- 
oxide level in the blood becomes progressively lower. The pH of the blood in 
these cases is shifted very slightly to the acid side at the start of treatment but 
veiy soon maintains itself at or near the normal level (Richards and Barach (25)) . 
The increased carbon dioxide tension in arterial blood makes possible a sivifter 
elimination of carbon dioxide with a lowered volume of ventilation. . 

The idea that the action of pure oxygen is upon the enzyme system of cells is 
supported by many obseivers. Stadie et al. (5) summarize the data on enzy- 

2 Dr. Homer D. Kesten lias assisted us in the interpretation of the pathological findings 
in this and the present study. ' 
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matic systems in relation to oxygen poisoning by stating that the toxic action of 
high pressures of, oxygen ^vill probably be explained in the light of inhibitory 
actions on enzymes -Ruth resultant severe disturbance of essential metabolic cellu- 
lar reactions: “The evidence in the literature is scanty and non-systematized, but 
is sufficient to suggest the following possible modes of action of oxygen: 1, Oxida- 
tion of a co-enz3'me to the inactive oxidized form; 2, oxidizing activating sulfhj’-- 
diyl compound; 3, oxidizing active — SH groups of enzyme molecule proper; 4, 
oxidation of metallo-hemochromogen to inactive oxndized form; 5, oxidizing ac- 
tivating metal constituent; 6, formation of inhibitor from precursor other than 
the enzyme; 7, inhibition of enzymatic activity by changing oxidation-reduction ^ 
potentials of medium.” 

Methods. In the case of small animals, such as rats, exposure to the oxygen 
atmospheres used was obtained by placing them in their usual cages inside a 
large closed chamber through which oxygen from a cylinder was passed at the 
desired rate, varying according to the number of animals employed. Residence 
in the oxygen chamber was usually continuous except when the chamber was 
brieflly opened at intervals of about three days for provision of water and food. 
The time of exposure to air was not longer than fifteen minutes, following which 
the chamber was rapidly purged through a needle valve with 100 per cent oxygen. 
The carbon dioxide content of the chamber was kept below 0.5 per cent by a flow 
of oxygen of from 3 to 12 liters per minute (usuall}’’ 3 litem of O2 per rat 
per min.), with the addition of Baralyme spread on the floor of the chamber and 
shell natron exposed in shallow vessels. The atmosphere in the chamber was 
tested once a day for oxygen and carbon dioxide. Since some carbon dioxide was 
usually present, the actual concentration of oxygen in the chamber was approxi- 
mately 99.1 to 99.3 per cent with about 0.4 to 0,5 per cent carbon dioxide.® The 
chamber was kept at ordinary room temperatures by water circulating through 
coils in the chamber walls. 

The method most commonly used to “acclimatize” the animals to 100 per cent 
oxygen was that of an increase by stages in the oxygen content of the atmosphere 
to wdiich they were exposed. 'The rate of increase in o.xygen concentration prior 
to reaching 100 per cent was varied somewhat in a number of preliminary ex- 
periments without significant change in the subsequent result. The stages in the 
“acclimatization” period were usually as follows, the o.xygen concentration being 
varied by using the injector of the Meter oxygen mask: 60 per cent O2 — 1 to 2 
days; 70 per cent O2 — 2 flaj's; 80 per cent O2 — 3 to 4 da5's; 90 per cent O2 — 1 to 2 
daj's; 100 per cent O2 — as long as desired. 

When the process of gradually increasing the oxygen in the atmosphere was 
completed, and a concentration of approximately 100 per cent was reached, con- 
trol animals were placed in the chamber, in order to compare the mortality among 
.such untreated animals with that among the “acclimatized.” 

In a few experiments a different method of “acclimatization” was tested. The 
animals were placed directly in 100 per cent oxygen, without any previous ex- 

3 In some of the carh' experiments CO* concentration rose to nearly 1 per cent, and the 
O 2 content was liierefore nearer to 99 per cent. 
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posure to lower concentrations, but the chamber was opened to atmospheric air 
from one to four times each day, for a total of 60 minutes a day. On re-closing 
the chamber each time it was flushed rapidly with oxygen for several minutes to 
ensm-e quick return to 100 per cent. 

In one group of 10 rats obser\’’ations were also made on the basal rate of con- 
sumption of oxygen before, during and after exposure to 100 per cent ox^'gen at 
a pressure of 1 atmosphere. The oxygen consumption was determined by means 
of a closed circuit apparatus, slightly modified from that described by Kaunitz 
and Pappenheimer (23) . Records were made bj’’ a small spirometer of the Krogh 
type, with modifications introduced to obtain satisfactor}’' counter-balancing in 
all positions of the float (24). An ink writing point was used, recording on the 
ordinaiy drum and paper of the Benedict-Roth basal metabolism apparatus. All 
determinations were carried out in 100 per cent oxygen, previous e.xperiments 
ha\nng shown no difference in result between determinations in ah and those in 
oxygen. If the animal had been living in ah, it was placed in oxygen at least 1 hour 
before the record w^s made, in order to allow for equilibrium between the tissues 
and the gas. The usual duration of each record was 6 minutes, at least four 
curves being taken for each determination and only enthety linear records, in- 
dicating absolute quiescence of the animal, were used. The lowest value was 
takenasbeing that whichmost nearly represented truebasal metabolism. Meas- 
urements were made at temperatures of 27 to 29'’C. and the rats were weighed 
immediately after the test, the oxygen uptake being expressed in cubic centi- 
meters per minute per kilogram of body weight. 

In exjierhnents on dogs oxygen was given in a chamber whose dimensions were 
3) X 1 j X ll feet. The walls of the chamber were constracted of clear trans- 
parent vinylite mounted on a welded metal frame. Cooling was accomplished 
by incorporating the fluted wall of a metal ice container into one of the side walls 
of the chamber. 0.xj’’gen was I’un at a flow of 4 to 6 liters per minute which was 
sufficient to maintain the concentration above 98 per cent in all but one experi- 
ment in which a leak developed. Carbon dioxide was maintained below 0.6 per 
cent by drawing the atmosphere of the chamber through a soda-lime container. 
This was accomplished by means of an injector operated bj’’ the incoming oxygen. 

The animals were usually treated in pairs, one receiving onl3>' oxygen while the 
other received oxj’gen and additional medication. Hffien animals were removed 
from the chamber for blood sam])ling or medication thej' received oxygen bj’' 
mask. The time of expo.sure to air, under these circumstances, never exceeded 
3 minutes during anj'^ one removal. Arterial bloods were obtained from the fem- 
oral artery after novocainizing the .‘^ite of puncture. Bloods were analysed for 
oxj'gen and carbon dioxide bj' the manometric method of Van Sl3’’ke and Neill. 
The pll was calculated 133- an adaptation of the method of Van Slyke. A log 
curve for carbon dioxide capacitA- was used to determine the pC02 and the CO2 
content at T43. 

Results. Table 1 .'^hows the mortalit3' in rats exposed direetb^ to an atmos- 
phere of 100 per cent ox3'gen and in those acclimatized gradually by preliminarx’' 
exposure to lower concentrations of ox3’gen rising bx’ stages to 100 per cent. The 
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rats used were albino rats, usually males, from 4 to 6 months of age. In 100 con- 
trol rats exposed continuously to 100 per cent oxygen the mortality in the first 
four days was 96 per cent, whereas in 69 rats previously acclimatized by stages 
the mortality during the same period was 7 per cent. Of the controls surviving 


TABLE I 


Rat moTialiiy in 100% oxygen 


EXPESIMEKT NO. 

KO. KATS 

VO. RAIS DEAD EACH OP IST 4 DAYS: 

NO. 

SURvn'ORS 

AVERAGE lENCTH OF SORVIVAL 



1st day 

2nd day 

3rd day 

4lh day 

AFTER 

4 DAYS 




Control rats 



1 (a) 

10 

0 

0 

5 

5 

0 


1 (b) 

10 

0 

0 

4 

6 

0 


4 

15 

0 

0 

10 j 

.6 

0 


9 

5 

0 

0 

5 

0 

0 


10 

5 

0 

0 

3 

2 

0 


12 

8 

' 0 

0 

3 

5 

0 


13 

2 

0 

0 

1 

1 

0 


17 

5 

0 

0 

4 

1 

0 


B18 (a) 

20 

0 

0 

10 

7 

3 

6 days 

B18 (b) 

20 

0 

0 

8 

11 

1 

28 days 

Totals 

100 

0 

0 

53 

43 

4 

Deaths in 4 days 96% 


Acclimatized rats; Method I— Gradual increase in oxygen 


4 

15 I 

0 

0 i 

0 1 

0 

15 

20 days— 9 sacrificed 

12 

10 1 

1 

0 

0 i 

0 

9 

19 days— 1 sacrificed 

12 (b) 

5 

1 

0 

0 

0 

4 

7 days — all sacrificed 

13 

2 

0 i 

0 

0 

0 

2 

21 days 

B14 

12 

2 1 

0 

0 

0 

10 

40 days— 8 sacrificed 

B19 

25 

0 

0 

1 

0 

24 

16 days— 5 sacrificed 

Totals 

69 

4 

0 

1 1 

0 

64 

■ Deaths in 4 daj'S 7% 


Exrnu- 

KEST 

NO. 


OPENED TO AIB 


NO. 

RATS 

CSED 


VO. RATS dead each DAY 


1st 


2ad 


3rd 


4th 


Slh 


6th 


7th 


8th 


SOTVIVORS 

Ams Sth 


AVERAGE 

TIME 

SOEVTVAL 


Method II — Periodic opening to air 


19 

Once — 1 hr. 

5 

0 

0 

1 2 

2 

0 

0 

i 

0 

i 

1 (in air) 

0 


B17 

4X — 15 min. 

20 

0 

0 

0 

i 

0 

0 

3 

1 

2 j 

14 

20 days 


more than 4 days only 1 lived for more than a week. The average length of life 
of the acclimatized rats surviving more than 4 days was 20 days. In most cases 
these animals were kept in 100 per cent oxygen for a week and then returned to 
room air, but in experiment B 19 they were kept in 100 per cent oxygen for 22 
days. 

The method of acclimatization by opening the chamber to room air for 1 hour 



" , OXYGEN POISONING 467 

in each. ^ was not successful, since 4 out of 5 rats died within 4 days. The single 
survivor was returned to room air and lived for 8 da 3 ’-s. In a later experiment on 
20 male rats, the chamber was opened for 15 ihinutes four times in each 24 hours, 
which resulted in a more successful acclimatization. . During the first five days of 
this interrupted exposure to 100 per cent oxygen there were no deaths. Three 
rats died on the sixth day, one on the seventh and two on the eighth, while the 
remaining 14 rats surviyed for 20 days in 100 per cent, oxygen with return to 
atmospheric air for 15 minutes four times a day (table 1 , method II) . They were 
then kept for 1 week in 100 per cent oxygen uninterruptedly without exposure to 
air except occasiona% for provision of water and food. On the seventh day 3 
rats died and the 11 survivom were returned to air. 

In this last experiment, since the chamber was opened frequently, the oppor- 
tunity was taken to weigh the rats once a day. As is comnion in acclimatized 
animals, even those that survive for many weeks in 100 per cent oxygen, loss of 
weight and of body fat was conspicuous. The average weight of the original 20 
rats was 268 grams. During the first 12 daj'^s of acclimatization by periodic 


TABLE 2 


EXPERIiTENT SO. 

NO. OP 
RATS 

1 

PREVIOUS TREATMENT 

TIME IN 

100% O 2 

SERUM CHLORIDE 

COj . 




IQQQII 

4 ■ 


Acclimatized to Oj 

12 days 

556 

95.1 

81.6 

36.5 

B19 


Acclimatized to Os 

22 days 

532 

91.0 

84.6 

35.8 

Normal rat 

1 

None i 

None 

612 

104.6 

23.9 

10.7 


opening of the chamber, the intake of both water and food w’as markedly reduced, 
and the average weight of the survdvors fell to 212 grams. During the last week 
of acclimatization there was no further loss of weight, but during the week of con- 
tinuous exposure to 100 per cent oxygen the body weights decreased once more, 
falling to an average of 189 grams per rat. On returning to air, the survivors 
regained some weight though they did not reach their original weights during the 
period of observation. 

In two other expeiiments, determinations of chloride content and carbon di- 
oxide content were made on the pooled heart blood of a number of acclimatized 
rats that had siirvdved for twelve and twenty-two daj^s in 100 per cent oxygen. 
As shown in table 2, in both cases the serum chloride content showed a marked 
fall, and the carbon dioxide content an elevation, as compared with the values 
obtained in the normal animal. 

The lungs of control rats d 3 ’^ing about the third or fourth day of exposure to 100 
per cent oxygen showed the characteristic intense congestion and edema vdth a 
large pleural effusion. The alveoli and sometimes the bronchi were filled with 
fluid and red blood corpuscles. In the acclimatized rats the lungs of those that 
died during the earh- days in 100 per cent ox 3 ’-gen, in whom acclimatization ma 3 ^- 
be presumed to be lacking, showed ver 3 ’' similar congestion, edema, pleural effu- 
sion, and often hemorrhage. . After about the fourteenth day in 100 per cent 
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oxygen the edema was diminished, areas of atelectasis were developed between 
markedly distended alveoli, and an increased cellularity of’ the alveolar wall was 
observed. The amount of pleural fluid was usually diminished. After about 
' three weeks in 100 i)er cent oxygen, the acclimatized lung usually showed no pul- 
'monary edema or pleural fluid. The picture was that of a chronic organizing 
pneumonitis, with thickening of the cells of the alveolar walls, large areas of ate- 
leptasis, scattered areas of edema of slight degree and Ij’-mphocytic infiltration. 

The duration of the increased tolerance to inhalation of 100 per cent oxygen wa.s 
also investigated. Two rats that had been previou.sly acclimatized, and had 
lived in 100 per cent oxygen for two weeks, were placed two months later in a 
chamber mth 100 per cent oxygen. Both animals were alive after nineteen days 
(expt. 18 — ^group C). Two other acclimatized rats that had been back in room 
air for eighteen days remained alive in a chamber with 100 per cent oxygen for 
twenty-one days (expt. 13). A third group of 10 acclimatized rats v;ere kept in 
room air for two weeks and then returned to 100 per cent oxy^gen. They were 
all alive after twelve days in 100 per cent oxygen and were removed to air; where-, 
as 9 out of 10 control rats, placed dhectl}’’ in 100 per cent oxygen died within a 
few days (expt. B 14). 

In a previous attempt to acclimatize rabbits to 100 per cent oxygen, no acquired 
tolerance was observed by Barach (7). A further attempt to use the procedure 
here described was made in other species, but still without success. In thirteen 
mice, ten guinea pigs and five dogs^ no significant resistance to oxygen poisoning 
was demonstrated after gi’adual increase in the oxygen concentration of< the at- 
mosphere. 

Because of the fact that carbon dioxide is said to increase the toxic effect of 
oxygen under increased pressures, the effect of 0.6 gram sodium bicarbonate and 
0.2 gram sodium bicarbonate daily was tried in two groups of ten. rats each. In 
another series sodium lactate was given in l/6th molar solution dailj’-, 10 cc. to 
seventeen rats and 20 cc. to eighteen rats, during exposure to 100 per cent oxygen. 
Comparison with an equal number of control animals show'cd no increase in dura- 
tion of survival in 100 per cent oxygen with either bicarbonate or lactate. 

In order to test the effect of a high carbon dioxide content with 100 per cent 
oxygen at 1 atmosphere of pressure the survival time of 20 rats in a chamber 
containing about 99.6 per cent oxygen and 0.3 per cent carbon dioxide was com- 
pared with that of 20 similar rats in a chamber containing approximately 98 per 
cent oxygen and 2 per cent carbon dioxide. As showm in table 3 no evidence was 
obtained of an increased toxicity with carbon dioxide at atmospheric pressure. 

Measurement of the oxygen consumption in a gi'oup of 10 acclimatized rats 
show'ed a fall in oxygen uptake, averaging 12 per cent, in 9 of the animals. Ap- 
proximately the same fall was sho^vn whether the exposure to oxygen was 1, 2, 3, 

4 or 5 days. The tenth rat showed no change in oxj'gen consumption. After 
1 week back in air the oxygen uptake in 7 rats rose to nearly the pre-oxygen level, 
in 2 others it remained low', and in the tenth exceptional rat, which had shown no 


‘ Three of these doKSWcrc the animals included in table 7, group III. 
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fall in oxygen consumption, there was actually a slight fall on return to air. . Av- 
erage values are shown in table 4. 

Five control rats, placed dkectly in 100 per cent oxygen, showed no change in 
oxygen consumption during the fii'st 24 hours. Within 48 hours there was a 
decrease of 7 per cent and in three days the fall was approximately 23 per cent. 
All the rats died within a few days (table 5). 


TABLE 3 


DAV 

CHAMBER 1 (tow CO;) 

! 

j CHAMBEE n (high CO;) 

Deaths 

Survivals 

Deaths 

! Survivals 

‘ 3 

11 

' 0 

11 

9 

4 . 

G 

3 

: 8 

1 


0 

3 

0 

1 

6 

3 

0 

0 

1 


TABLE 4 

Changes in oxygen consumption and body weight during exposure to 100% oxygen 
Average values for 10 acclimatized rats 



NORMAL IN AIR 

AETER ACCtlUATIZATION 

I*ERCENTAOE FALL 
IN O 2 


1 1-S days in 100% 0; 

1 week in air 

Oa consumption 

18.9 cc. 

16.9 cc. 

17.9 cc. 

% 

11.9 

Body weight 

213 grams 

189 grams 

197 grams 

11.3 


TABLE 5 

Changes in oxygen consumption and body weight during exposure to 100% oxygen 
Average values for 5 control rats 





IN 100% OXYGEN 






I 

j 1 day 

2 days 

3 days 1 

1 








0; con. 

Wt. 



0: con. 

Wt. 

Rat 1 

Rats 2 & 3 

■Rats 4 & 5 

CC. 

17.72 
17.88 ! 
19.45 ' 

£• 

246 

235 

304 

cc. 

17.71 

£• 

2G2 

CC. 

16. G 

£• 

256 

cc. 

14.85 

s- 

292 

None 

1 7 % fall 
[23.5% fall 

6.5% rise 
9% rise 

4% fall 


) As always occurs, all the acclimatized rats lost weight, the average loss being 
about 11 per cent. After return to atmospheric am, most of the animals regained 
weight, though not reaching .their original level, or attaining a normal growth 
curve. The question, therefore, arose whether the changes in oxygen consump- 
tion w’ere merely due to the changes in body Aveight. Comparison of the oxygen 
consumption in normal (fed) and in starved rats showed that a weight loss of 13 
per cent was accompanied by a fall in ox 3 '’gen consumption of 17 per cent. Re- ‘ 
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coveiy of weight on feeding was accompanied by a rise in ojg^gen consumption 
(table 6). 

It may be noteworthy that in the control rats body weight continued the nor- 
mal growth curve for two days in 100 per cent oxygen, but the oxygen uptake 

TABLE 6 


Changes in oxygen consumption and body weight during exposure to 100% oxygen 
Average values for 4 starved rats 



FED 

STAltVED 

FED 

% CHANCE m 
STARVATION 

i 

O 2 consumption 

1 

17.7 cc. 

251 grams 

14.68 cc. 

219 grams 

17.7 cc. 

259 grams 

% 

17 fall 

13 fall 

Body weight 



TABLE 7 


Survival time of dogs exposed to high oxygen concentrations 





SURVIVAL 


GROUP 

NDU* 


TIME IN 

REMARKS 


BEP. 


notms 


I 

1 

98+ i 

116 

Aborted first day — vomited throughout experiment 


2 

98+ 

62 



4 

98+ 

83 




75-95 

240 


II 

11 

98+ 

58 

Given 330 cc. sodium lactate* during exposure 


12 

98+ 

71 

Given 460 ragm. Nembutal in divided doses each day of 





exposure 


13 

98+ 

50 

Given 600 cc. sodium lactate, 200 cc. 5% glucose in saline 





and 100 cc. dog plasma during exposure 


14 

98+ 

50 

Given 160 cc. sodium lactate, 130 cc. dog plasma and 400 cc. 





5% glucose in saline during exposure 


15t 

75-95 

270 

Given 780 cc. sodium lactate during first four days of ex- 





posure 

III 

23 

98+ 

48 

Received 50% oxygen for 3 days, 60% oxygen for 4 days, 





70% oxygen for 3.5 days prior to exposure to 98+% 





oxygon 


26 

98+ 

72 

Received 50% oxygen for 2 days, 60% for 1.5 days, 70% for 



i 


1.5 days, 80% for 2 days, 90% for 1 day prior toexposure 
to 98+% oxygen 


27 

1 984" 

1 

168 

Same as no. 26 


' * Sodium lactate was administered subcutaneously in 1/6 molar solution, 
t Leak in chamber caused fluctuation in oxygen concentrations between 75% and 95% 
throughout the experiment. 


showed a drop of 7 per cent between the first and second day. By the end of the 
third day a slight loss of weight (4 per cent) had begun, but a very marked and 
rapidly increasing fall (23 per cent) in oxygen uptake had occurred (table 5). 
Since, therefore, the decrease in oxygen consumption appears to precede the loss 
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of weighty it is possible there may be some additional cause beside the decrease in 
weight for the lowering of the oxygen consumption during oxygen poisoning. 

The survival time of dogs in high oxygen concentrations is shown in table 7. 
Twelve dogs were used in these experments. They were treated in pairs as fol- 
lows: no. 1 and no. 11, no. 2 and no. 12, no. 13 and no. 23, etc. The animals 
were divided into 3 groups: I, oxygen control group; II, medicated group; and 

TABLE 8 


Arterial blood gases, pH, pCOi and chlorides of dogs exposed to high oxygen concentrations 


DOG 

KO. 

HOURS 
or EX- 
POSURE 
IN O2 

%0: 

IN IN- 
SPIRED 
AIR 

Oj 

CONT. 

Oi CAP. 

%02 

SAT. 

COj 

CONT. 

■ 

pH 

Chlor- 

ides 

i 

RESIARKS 




vot. % 

vol. % 


vol. % 



ms-% 



1 


21 

18.3 

19.2 

95.3 

37 . 2 ' 

29.3 

7.44 


42.1 

111, aborted 1 












day in oxy- 












gen 


18 

98+ 

16.1 

15.2 

100+ 

38.0 

35.7 

7.33 

618 

39.6 

Vomited 












throughout - 












experiment 


42 

98+ 

15 

14.1 

100+ 

45.8 

41.5 

7.34 


45.3 



66 

98+ 

13.8 

13.2 

100+ 

50.7 

42.9 

7.37 

584.3 

49.7 



90 

98+ 

13.1 

12.1 

100+ 

52.3 

49.2 

7.30 


49.2 



114 

98+ 

12.1 

12.2 

99.2 

55.2 

64.5 

7.21 


47.6 

Died 116 hrs. 

5 

0 

21 

13.4 

14.4 

93.1 

50.9 

36.8 

7.45 

602 

51.7 



24 

72-85 

17.2 

14.7 

100+ 

46.3 

43.3 

7.32 

572 

45.0 



48 

72-85 

17.8 

16.9 

100+ 

46.0 

45.1 

7.31 


43.9 



72 

85-90 

17.2 

16.1 

100+ 

45.6 

34.1 

7.44 

554 

48.4 



96 


15.3 

13.2 

100+ 

52.6 

36.7 

7.46 

593 

53.9 



120 


12.9 

11.2 

100+ 

50.7 

38.1 

7.42 


51.5 



144 

98+ 

12.1 


100+ 

54.0 

41.8 

7.39 


53.4 



192 

98+ 

12.7 

11.8 

100+ 

58.8 

63.2 

7.25 

575 

60.6 

Died 240 hrs. 

23 

0 

21 

20.0 

20.4 

98.1 

39.0 

30.6 

7.44 

578 

43.6 



0 

21 

18.3 

18.5 

99 

42.6 

34.0 

7.43 


45.3 



72 

50 

19.7 

18.1 

100+ 

46.7 

37.8 

7.41 

574 

47,7 



86 

60 

16.0 

15.4 

100+ 

54.4 

42.2 

7.42 

61S 

53.6 



72 

70 

13.8 

12.9 

100+ 

46.0 

31.3 

7.47 

641 

51.6 



46 

98+ 

15.4 

15.1 

100+ 

42.6 

41.2 

7.33 


52.1 

Died after 48 












hrs. in 98+% 












Oe 


/ 

III, acclimatized group. The average survival time for gi-oup I in 98-}- per cent 
oxj-gen was 87 hours. We are not including dog 5 in this average because he 
received only 75 to 95 per cent oxygen throughout the experiment. The animals 
in group II, the medicated group, survived for an average of 56 horns in 98-}- per 
cent oxygen. Dog 15 is not included in this average. The acclimatized 
group who were treated with oxygen concentrations increasing from 50 per cent 
to 80 per cent over an 8 to 10 da}"- period surtived for an average of 96 hours after 
being placed in 98-}- per cent oxj’^gen. 
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The data obtained from analysis of the blood gases appear in table S, We are 
omitting the values for animals in group II because the medication given the ani- 
mals tended to retard some of the changes noted in the control and acclimatized 
group. The overall blood picture of the medicated animals, however, was very 
similar to that sho^vn for dogs 1, 5 and 23 in the table. The changes may be 
summarized as follov/s: There was a consistent decrease in oxygen capacity in all 
animals. The percentage ox.ygen saturation remained elevated even during the 
last days of survival. No attempt was made to calculate the exact hemoglobin 
saturation while the animals were breathing oxygen since the quantity of oxygen 
dissolved in the plasma under these circumstances could only be approximated. 
The values for oxygen content in the table include both the oxygen combined with 
hemoglobin and that dissolved in the plasma. The CO 2 content and pCOa rose 
throughout the exposure to oxygen even when the oxygen percentage breathed 
by the animals was less than 98-}- per cent. There was a fall in pH in all cases 
which became marked during the last day of survival The carbon dioxide capac- 
ity at Tio rose in eveiy case indicating an increase in alkali reserve. The blood 
chlorides fluctuated but in five out of nine instances there was a significant 
decrease. 

Discussion. The effect of gi-adually increasing the oxygen concentration in 
the inspired air from CO per cent to 100 per cent is to prolong the duration of life 
in rats exposed to 100 per cent oxygen and to prevent death from acute pulmon- 
aiy edema. In addition, animals that survive a period of ten to twenty days in 
100 per cent oxygen do not show the large collection of pleural fluid which is seen 
in control animals that die between the third and fourth day of exposure to 100 
per cent oxj^gen. Since a partial tolerance to 100 per cent oxygen may be built 
up within a period of six to twelve days, the development of resistance of oxygen 
poisoning cannot be accounted for on the basis of chronic changes in pulmonary 
epithelium which are subsequently found. However, the increased tolerance 
changes manifested Ijy animals three weeks to two months after acclimatization 
may be accounted for in part by thickening of the alveolar walls. Exposure to a 
gradually increasing concentration of oxygen does result in some irritation to the 
pulmonary epithelium with scattered slight edema but a mechanism as yet un- 
knowm develops which prevents the animal from being overwhelmed by the pro- 
fuse pulmonaiy edema and pleural effusion which takes place in control animals 
placed in 100 per cent oxi'gon. The attempt to modify the phenomenon of oxy- 
gen poisoning bj' administration of sodium bicarbonate or sodium lactate was 
unsucce.ssful. 

From the pathologic picture in the lungs, viz., thickening of the alveolar walls 
with scattered microscopic edema, it is evident that the diffusion of oxygen into 
the alveoli was markedly impaired. This was further confirmed by the dyspnea 
which was generally manifested when these animals were removed from the cham- 
ber. Elevation of the carbon dioxide content in an atmosphere of pure oxygen, 
together with the fall in serum chlorides, is similar to the mechanism referred to 
above in human patients with chronic pulmonary disease treated with 50 per cent 
o.xygen (22, 25). Barach and Woodwell (26) described in patients with shallow 
breathing, .suffering from lethargic encephalitis, a .similar marked rise in carbon 
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dioxide content to 88 vol. per cent, when these patients were treated with 100 
per cent oxygen for two hours. Oxj’gen inlialation makes possible a lower pul- 
monaiy ventilation, which is followed by an increased content and tension of car- 
bon dioxide in the arterial blood and an increase in carbon dioxide concentration 
in the expired air, with the result that the elimination of carbon dioxide is main- 
tained at a lower volume of breathing. The fall in chlorides is a compensatoiy 
reaction to the increased carbon dioxide tension. 

When acclimatized rats that showed an increased resistance to pure oxygen at 
sea level were exposed to oxj'gen under a pressure of fifty-five pounds per square 
inch, no increased tolerance to oxygen under pressure was observed by a study 
of mortality rates in this group as compared to a control series. 

Wliether changes in the oxj'-gen enzyme system take place in six to twelve days 
during acclimatization to increasing oxj’gen concentrations cannot be decided 
from these studies. That rabbits and guinea pigs do not appear to develop an 
increased resistance to oxygen poisoning was at first ascribed to their being her- 
bivorous animals. The dog experiments also were negative, but were too few in 
number to be considered decisive. 

It was also evident that fifteen minutes’ e.xposure to air four times a day re- 
fmlted in a marked increase in survival in 100 per cent oxygen. This has a bear- 
ing on the clinical use of 100 per cent oxj’-gen by mask, in which interruption of ' 
treatment for feeding and other purposes is generally employed. 

The rise in carbon dioxide content of heart blood to 83 vol. per cent with a fall 
in chlorides from 612 to 556 mgm. per cent, which took place on the tweHth day 
of residence in 100 per cent oxygen in previously acclimatized rats, is a patho- 
ph 3 '-siological event wliich has been previously described in patients with pulmo- 
nary emphysema and fibrosis treated with 50 per cent exj-^gen. The swollen al- 
veolar walls, with scattered areas of congestion and edema, impahed the diffusion 
of oxygen even in the presence of 100 per cent oxygen. The inhalation of 100 
per cent oxygen in the presence of this degree of pulmonary pathology probably 
was instrumental in lowering the volume of breathing to such an extent as to re- 
sult in an increased carbon dioxide content and a compensatoiy elimination of - 
"chlorides. 

SUMMARY AND CONCLUSIONS 

1. Methods are described for increasing the resistance of fluimnls to oxygen 
poisoning: a, by a gradual increase in the concentration of oxygen from 60 per 
cent to approximately 100 per cent; b, by direct exposure to 100 per cent oxygen, 
but with return to atmospheric air four times daily for a total of 60 minutes a day. 

2. Acclimatization of rats by the first method decreased the death rate for the 
first four days in 100 per cent oxygen from 96 per cent with the control rats to 7 
per cent with acclimatized, with an average sur\uval time of 20 days for the re- 
maining acclimatized animals (93 per cent). 

3. Acclimatization of rats by the second method showed a mortality of 33 per 
cent within 8 days, and a survival time of 27 daj’-s for the remaining 67 per cent, 
as compared with a 99 per cent mortality within 8 daj’^s for control rats. 

4. Dogs treated by the first method showed at most a negligible increase in 
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survival time from 87 hours for control animals to 96 hours for “acclimatized,” 
Mice, rabbits and guinea pigs showed no increase of resistance to 100 per cent 
oxygen by this method, 

5. Persistence for periods up to 2 months of tliis acquired tolerance to oxygen 

in rats was shown. This late manifestation of acquired tolerance may be related 
to the increased cellularity and thickness of the alveolar wall which is seen in 
such acclimatized animals, although the resistance to the first exposure to 100 per 
> cent oxygen is not of this nature, ' 

6. The presence of increased amounts of COj in the atmosphere did not in- 
crease the toxicity of oxygen at a pressure of approximately 1 atmosphere. 

7. Administration of sodium bicarbonate or of sodium lactate did not increase 
the time of survival of either rats or dogs. 

8. In dogs exposed to 100 per cent oxygen there was a progressive fall in oxygen 
capacity of the blood, a rise in the arterial GOa content and pCO® and a fall in pH. 
The rise in the alkali reserve of the blood and the fall in blood chlorides are prob- 
ably associated with a homeostatic mechanism previously described, but these 
alterations are insufficient to maintain a normal pH. Similar changes in the CO2 
content and blood chloride levels -were found in rats e.xposed to the same con- 
ditions, namely, a lowered serum chloride content which is a compensatory reac- 
tion to an elevated CO3 tension. The diminished volume of ventilation which 
inhalation of oxygen engenders in the presence of damaged pulmonary epithelium 
is followed by a progressive rise in CO2 content and pressure. The latter makes 
possible elimination of CO2 with a .smaller pulmonary ventilation. 

9. The oxygen consumption in rats fell during acclimatization, but less 
markedly than in control rats placed directly in 100 per cent oxygen. It ap- 
peared uncertain whether this fall should be regarded as due merely to the con- 
comitant loss of Aveight. 

10. The practical value of these studies is chiefly the increase in resistance to 
the effects of inhalation of 100 per cent oxygen which is obtained by intermittent 
15 minute e.xposure to breathing air. The mechanism 63^ which acquired toler- 
ance to inhalation of pure oxygen is obtained has not been revealed by these 
studies. 
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Previous work in this laboratory’- (1 ) has siiown tliat the hemoglobin of healthy, 
adequately fed control dogs reaches a level of 18 grams per 100 cc. of blood, a 
value much higher than that commonly accepted as normal, namely, 14 grams. 
The latter figure apparently is based on the Avork of Scarborough (2), who col- 
lected from the literature blood values on many commonly used laboratoiy am'- 
mals, including the dog, Avhich were “incidental to or for the control of experi- 
mental work in which alterations of the picture were expected. ” No attempt was 
made to include data later than 192G, whereas much evidence has accumulated 
since then to indicate that the B-complex vitamins play an important role in 
blood formation (3~11). 

It is well known that in most animal specie.s there is a progressive increase in 
the hemoglobin content of the' blood from the weanling period to the peimanent 
adult level. It would seem logical, then, in seeking the adult value to follow 
this progress at short inteiwals throughout the period of growth into the adult 
phase of life while the animal subsists on a diet adequate, according to present 
knowledge, in all blood-building factors. Many investigators have shown that 
vitamin B-complex factors, in addition to the commercially available synthetic 
ones, are important for blood formation (8, 11); consequently, in choosing the 
diet, care must be taken to include all these factors, along with adequate protein 
and mineral elements known to be required for hemoglobin production. This 
has been done with entirely coasistent results in ten puppies. 

Experimental. In the selection of our ex-perimentally adequate diet, care 
has been taken to include in liberal amounts all those factors known to be re- 
quired for blood formation, namely, protein, a mineral .salt with the essential 
trace elements and a natural source of the vitamin B-complex, thus providing 
the unknown as well as the known factors. The following diets have been em- 
ployed in this study': 

1. Yeast diet: Casein, 40 per cent; sucrose, 26; cotton .seed oil, 18; cod liver 
oil, 2; mineral salt,* 4; dried brewer’s yeast, 10 per cent. 

2. Basic {B-complex free) diet: Identical with the above yeast diet except 
that the yeast was replaced by sucrose. 

* Mineral salt mixture; Bone meal (steamed), 57.8 per cent; sodium chloride, 24.4 per 
cent; lime stone (oy.ster shell flour), 12.2 per cent; iron sulfate (U. S. P.), 3.7 per cent; mag- 
nesium oxide (U. S. P.), 1.2 per cent; copper sulfate (reagent), 0.3 per cent; manganese sub 
fate (reagent), 0.1 per cent; zinc o,xide (reagent), 0.1 per cent ; cobalt carbonate, 0.1 per cent; 
potassium iodide, 0.1 per cent. 
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3. Stock diet: Bread, 53 per cent; red meat, 41.3; cow peas, 4.7; sodium 
chloride,-! per cent. 

Some of the animals received, in addition, eight synthetic vitamin supplements, 
namely, thiamin hydrochloride, 1^4 mgm.; riboflavin, 0.7'mgm.; pyridoxine, 6 
mgm.; nicotinic acid, 6 mgm.; inositol, 6 mgm.; pantothenic acid, 6 mgm.; 
pararaminobenzoic acid, 6 mgm.; and choline, 30 mgm. per dog per day. 

The following technique was used for blood determinations: All quantitative 
measurements were made on blood drawn from the jugular vein into tubes con- 
taining potassium oxalate (2 mgm. per cc. of blood). Hemoglobin was deter- 
mined in most instances by means of a Sahli hemoglobinometer, standardized 
by checking against bloods of known hemoglobin concentration as determined 
by the Van Slyke method. Later, to eliminate the human factor in matching 
color, a Fisher Electrohemometer was used. There was no significant difference 
in the values obtained by the two methods. 

Each of the eighty animals used in these experiments was housed in an individ- 
ual cageandgiven access to food and water at all times. In addition, the puppies 
were freed from" intestinal parasites, immunized against distemper and observed 
to have normal appetite and grov4h rates before being placed on experiment. 

Group I, consisting of ten healthy puppies from different litters with an initial 
age of from eight to twelve weeks, was placed on the yeast diet. Four of these 
animals received, in addition, the eight synthetic vitamins in the amounts indi- 
cated above. 

All the animals continued to grow at a noimal rate and showed a slow, progres- 
sive rise in hemoglobin from an average initial value of 10.5 grams per 100 cc. 
of blood (between the ages of 8 and 12 wks.) to an average of 18.8 grams after 
about fifteen weeks on the diet, when the adult plateau in the hemoglobin curve 
was reached (fig. 1 A and B). This average was derived from. 130 hemoglobin 
determinations on the ten puppies after they had reached the adult level while 
still subsisting on the yeast diet. Although the hemoglobin of puppies receiving 
the S5mthetic vitamin supplement tended to reach somewhat higher levels, they 
are included in the average and, consequeritbq tend to raise it slightly (fig. 1 B). 
During the period of increase in hemoglobin values, corresponding increases in 
- red blood count and hematocrit were observed. These increases occurred with- 
out appreciable reticulocytosis. The red blood count rose from an average of 
4,620,000 to 7,590,000, while the hematocrit increased from an initial value of 
34.4 to 54.1 volumes per cent. 

Group II consisted of two adult dogs. This experiment was designed to ex- 
clude the possibility that the high hemoglobin values obtained in group I were 
due to the tendency of young animals to go beyond the normal hemoglobin value 
only to return later to a somewhat lower value. Both of these adult dogs had 
initial hemoglobin values of 16 grams. After they were placed on the yeast diet, 
their hemoglobin levels rose verj' gradually to 18 grams, where they remained 
with slight variations throughout the entire experimental period of eighty-five 
weeks. The weight and hemoglobin changes of one of these animals are typical 
(fig- 1 C). 
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The high values .obtained in group I might be challenged as being due to 
polycythemia caused by an extraneous toxic factor such as cobalt or to dehydra- 
tion. The experiments perfonned in groups III and IV were designed to answer 
these two questions respectively. 

Group III consisted of three adult dogs treated with cobalt while subsisting on 
the stock diet. Each dog was given orally 15 mgm. of cobalt per kilogram per 
day (as CoCla-GHaO), the lowest level found by Brewer (12) to result in elevated 
hemoglobin, red blood count and hematocrit values. The peak in the blood 



Fig. 1. Weight and hemoglobin curves of dogs receiving yeast at a level of 10 per cent in 
the diet. A. Puppy (initial age 8 wks.) receiving yeast as the sole source of the vitamin B- 
complex. A determination was not made at 10 weeks, so the aver.'iged value is used for the 
point, B. Puppy (initial age 11 wks.) receiving yeast plus V (8 synthetic vitamins listed in 
text) as its source of the vitamin B-complex. C. Adult (age unknown) receiving yeast as 
the sole source of the vitamin B-complex. 

Fig. 2. Weight, hemoglobin, red blood count and hematocrit curves of dogs receiving 
cobalt (15 mgm./kilo orally). In A and B the dosing started at the beginning of the experi- 
mental period. The beginning of dosing in C is indicated by Ihe arrow. 

curve was reached usually within two weeks, after which there was a .slight fall. 
The highest hemoglobin level reached by any of the.se dog.s wa.s 18.5 grams per 
100 cc., while the dog trith the lowe.st initial hemoglobin never reached 14 grams. 
Cobalt at this level proved quite toxic, and all the dogs lost weight fairly rapidly 
during the cobalt feeding. Two dog.s died before the end of the cxperim.cntal 
period of four weeks (fig. 2 B and C). The increased blood values obsertmd here 
cannot be confused with the result.s obtained in group I, The .shaip rise induced 
by the cobalt is probably a toxic effect, and the higher levels are not maintained 



HEMOGLOBIN VALUE FOll ADULT DOG BLOOD 


479 


(fig. 2). Cobalt, if present in the yeast diet, presumably occurs in the brewer’s 
yeast itself. An anah'sis (13) was made at the Fleischmann Laboratories 
through the courtesy of Dr. Charles N. Frey which indicated that the yeast of the 
type used in these experiments contained only 2.8 parts per million of cobalt, 
or 0.00028 per cent. This rules out the possilDility that cobalt was present in the 
diet at toxic levels. 



Fig. 3. WciglU, lienioglobin, red blood count and licmiitocrit curves of a dog tieatcd vith 
yeast after previous depletion on a vitamin B-complex deficient diet. The letters A, B, C 
and D on the hemoglobin curve indicate the points at which the phot ograplis in figure 4 were 
made. 






Fig. 4. Photographs of dog with blood factois charted in figure 3. A. Appearance when 
yeast treatment was begun. B. Appeai-ance after 6 weeks of yeast ingestion. C. Appear- 
ance after 17 weeks of yeast ingestion. D. Appearance after 64 weeks of yeast ingestion. 


Group IV consisted of five puppies placed first on the yeast diet to build them 
up physicall}'^ and to allow their hemoglobin to reach a value of 14 grams. Then 
they were given the basic B-compIex free diet, supplemented with the eight 
synthetic vitamins described above, to ascertain whether these sjmthetic factors 
alone were adequate as a source of the vitamin B-complex. Under these con- 
ditions, the hemoglobin showed a gradual rise up to, or .slightly above, 18 grams, 
probably due to stored unknown factors of the B-complex necessary for blood 
formation Avhich presumalrly Irecame exhausted soon after this point was reached. 
The hemoglobin values then gradually decreased. Growth ceased entirely and 
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the animals became Aveak, emaciated and extremely dehydrated. In spite of 
this, their blood values continued to decrease, the hemoglobin falling below 14 
grams in everj-' case (10 to 13.5 grams). If the dogs were allowed to continue 
on the diet, the hemoglobin reached much lower levels and death finally ensued. 
Three animals of this group subsequently Avere placed on the yeast diet. GroAA^h 
Avas re.sumed immediately and the general Avell-being of the dog improA’-ed, Avhile 
the blood values continued to fall for a period of fiAm to sLx AA'eeks. This, Ave 
belicAm, aa^s due to a hydration effect from the 3'-cast (figs. 3 and 4). After the 
preliminaiy drop and after the hemoglobin had returned to the initial level, there 
Avas a consistent rise to values identical AA'ith those observed in the animals of 
group I (fig. 3). 

Group V consisted of sixty apparentl}’- normal dogs chosen at random (50 stock 
dogs, 10 pets) on Avhich hemoglolnn and hematocrit detenninations Avere made. 
Red and AA'hite cell counts also AA'cre done on about half of the animals. The 
hemoglobin values ranged from 10 to 22 grams per 100 cc. of blood, AAuth an 



Fig. 5. Hemoglobin distribution curve. A. Dogs without special provision for an ade- 
quate source of the B-complex factors. B. Dogs receiving yeast at a level of 10 per cent as 
their source of the B-complex factors. 

aAmrage of 15.1 grams. The ones AAuth the higher hemoglobin values AA^ere 
definite^ healthier. 

Figure 5 shoAA's the distribution of the hemoglobin A^alues of the yeast-treated 
dogs as compared Avith that of dogs chosen at random Avithout reference to 
nutritional background (stock dogs and pets). The charts are based on aAmraged 
hemoglobin value-s obtained in each of the ten Amast-treated dogs of group I 
after the adult level Avas reached (130 detenninations) and similar averaged 
A-alues obtained in each of the sixty other dogs (109 determinations). The dis- 
tribution of the hemoglobin Amlues of both groups appears to bo noimal. It is 
interesting, hoAA-OA'er, that in dogs AA'ith the additional B-comple.x supplied by the 
yeast the peak Avas ])etA\-een 18 and 19 grams as compared AAuth a peak of betAveen 
15 and 16 in the other dogs. 

Discussion. EA-idcnce has been presented Avhich demonstrates that the 
phj-siologic normal axiIuc for hemoglobin in the adult dog is 18 grams or more 
per 100 cc. of blood . The nornial value currently accepted by many investigators 
is betAA'cen 13 and 14 grams (2, 14, 15). The most jirobable reason for the 
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difference between the values reported here and those reported previousl}’’ is a 
difference in vitamin B-complex content of the diet. The present values were 
obtained by following the blood changes at intervals throughout the growtli 
period and into adult life, while the animals consumed a diet adequate in the 
vitamin B-complex. The lower figure was obtained by the earlier investigators 
as a result of averaging a significantlj’’ large number of determinations by different 
investigatoi-s on adult dogs chosen without reference to nutritional status. The 
difference in amount of \nitamin B-complex factors present in the diets could eas- 
ily account for the differ^ce in this figure (18 grams) and previous figures (13 and 
14 grams). The dog is carnivorous and, if left to his own devices, kills his prey 
and consumes the entire carcass. Under these conditions he probably gets an 
adequate amount of the B-complex and essential minerals; but since his domesti- 
cation and dependence on man, his diet has consisted too largely of muscle 
meat. Liver, asSvell as the other \dsceral organs, contains many of the B-com- 
plex factors not found in muscle. It is possible to elevate the hemoglobin of the 
dog to 18 grams or'more under conditions similar to those described above when 
liver (hog) serves as the sole source of the B-complex (16). Yeast was used as 
our source of the B-complex because it has fewer extraneous factors. 

Whether a dog’s hemoglobin is 14 grams or 18 grams per 100 cc. apparently 
makes veiy little difference in his general well being. His health seems almost 
as good with a hemoglobin of 14 grams as 18 grams per 100 cc. of blood. How- 
ever, in our experience, w'here the dog serves as his o^vn control, there is a definite 
increase in vitality and general health as the hemoglobin increases. On the other 
hand, in the case of the experimental animal, particularly where he serves as 
subject for the assay of blood-forming factors, it is extremely important to know 
the actual physiologic noimal. Without this information, accurate interpreta- 
tion of data in blood studies is impossible. 

SUMMARY AND CONCLUSIONS 

Ten mongrel puppies from several litters were placed on a diet adequate, 
according to present nutritional standards, in all blood-building factors. Hema- 
tological examination of their blood was made at regular intervals throughout 
the growing period and into adult life. From an average initial value (8 to 12 
wks. old) of 10.5 grams, the hemoglobin rose gradually in a period of approxi- 
mately fifteen weeks to values averaging 18.8 grams. During this same time in- 
terval, the red blood count rose from 4,620,000 to 7,590,000 and the hematocrit 
from 34.4 to 54.1 volumes per cent. 

These high blood values cannot be accounted for by dehydration or cobalt 
poisoning from the yeast. Analysis of the yeast used indicates that it contains 
only 2.8 parts per million of cobalt, or 0.00028 per cent. 

The hemoglobin values in a series of sixty dogs, chosen without special provi- 
sion for the B-complex factors in the diet, varied from 10 to 22 grams, averaging 
15.1 grams per 100 cc. of blood. 

It is concluded from this study that, under the conditions described, the 
physiologic normal value for hemoglobin of the adult dog blood is 18 grams per 
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cc. and that a red blood count of 7,590,000 and hematocrit reading of 54.1 are 
corresponding values. 
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The change in the reaction of the chculating arterial blood produced by rapid 
variation in the pressure of the ambient atmosphere has been studied in anes- 
thetized dogs. 

Methods. Dogs anesthetized with nembutal were placed in a small decom- 
pression chamber. Sufficient “ehlorazol fast pink” was injected intravenously 
to render the blood incoagulable. A glass electrode was placed in a femoral 
artery and a continuous record of the blood pH was obtained by methods 
already described (Nims, 1938). The respiratory rate was determined by 
observation through a window in the decompression chamber. 

Arrangements were made so that either air or -oxygen could be supphed to 
the animal at the pressure witliiri the chamber vdthout significantly altering 
that pressure, the total pressure within the chamber being under independent 
control. Repeated decompressions at varjdng rates were done bn each animal. 

Resui/ts. a.' Decompression in air. When the ah’ pressure is rapidly 
reduced the pH of the arterial blood changes in an alkaline direction. The 
shift in reaction of the blood begins almost as soon as the reduction pf the air 
pressure. The resphatorj'- rate does not increase markedly with reduced 
pressure until the pressm’e is quite low. If the exposure to reduced air pressures 
is not too prolonged the effect on the blood is complete^ reversible. Figure 1 
gives the results of such an experiment. 

B. Decompression in oxygen. As might be expected decompression in oxj^gen 
to a pressure of 180 nim. Hg does not give rise to marked changes in either the 
blood reaction or in the resphatory rate. The slight increase in respiration and 
the small alkaline shift (0.03 pH unit) recorded in figure 2 probably indicate 
that the means of supplying oxygen was shghtly inadequate. 

C. Sudden anoxia. When an animal is maintained in pure exj^^gen at reduced 
pressure and anoxia is suddenl}’- produced by administration of air at this pres- 
sure there is a prompt and rapid shift of the arterial blood pH in an alkaline 

} Aided by grants from the Fluid Research Fund and the George H. Ivnight Memorial ' 
Fund. 
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direction accompanied by a rise in the frequency of breathing. Restoration of 
the oxygen restores both the rate of respiration and the blood reaction to pre- 
anoxic levels. In some experiments the reaction of the arterial blood may 
overshoot in an acid direction before leveling off as is demonstrated by figure 3 . 

D. Prolonged anoxia. As the above experiments demonstrate, the response 
of the animal to a reduced partial pressure of 0J^’’gen is a shift in the reaction 



Fig. 1. Decompression in air. Dog, nembutal anesthesia. pH, — , Respiratory rate 
R.R., — O — . Pressure, — • — . Xote marked alkaline swing of the arterial blood. 



Fig. 2. Decompression in oxygen. Dog, nembutal anesthesia. pH, — , Respiratory 
rate, R.R., — O — . Pressure, — # — . Note constancj" of blood pH. 

of his arterial blood to more alkaline levels. If the partial pressure of oxygen 
becomes too low or the exposure to the low pressme is too prolonged the animal 
can no longer maintain this alkaline reaction and the pH of the blood may 
then bepn to shift in an acid direction. This turning point in blood reaction is 
a sensitive indicator of the extreme ph3'sioiogica! limits of the animal for if the 
experiment is continued for a short period after the turning point is reached the 
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animal fails rapidly and soon ceases to breathe. If the anoxia is relieved either 
by decompression or by the administration of oxygen, after the turning point 
has been reached, the respiration may again fail and the blood goes profoundly 
acid (pH cu’ca 6.8). Even if the' respiration does not stop completely, it is a 
matter of hours before the reaction of arterial blood again approaches normal 
values. 

Discussion. The changes in blood reaction obsen'^ed are probably brought 
about by the increase in respiration and the consequent wasliing out of carbon 
dioxide, the blood consequently shifting in an alkaline direction. As the partial 
pressure of oxygen is lowered further a physiological limit is reached where the 
anilnal can no longer maintain resphation and as the respiration fails the blood 
then goes acid. 

Because of these changes there are two precautions that must be observed 
in the use of oxygen at high altitudes. The fu’st arises because of the aUcalinity 


pH P 
RR 

75 400 
3o 

74 600 
lo 
73 

6 6 lo 12 14 16 18 2o 22 

MINUTES 

Fig. 3. Sudden anoxia. Dog, nembutal anesthesia. pH, — . Ilespirator 3 ’’ rate, R.R., 
— O — . Pressure, — 9 — . Note the acid “overshoot” of the arterial blood. 

I 

and loss of CO 2 , for if oxygen is suddenly administered to an animal which has 
gone- all^aline due to a loss of carbon dioxide, the animal may become apneic 
because of the lack of any adequate chemical stimulus for respiration. The 
second is the necessity of having a high enough oxj^gen pressure so that the 
turning point in blood reaction is not approached for if this point is reached the 
central respiratory mechanisms may be so severely damaged that they will fail 
to respond at all to adequate chemical stimuli. 

These experiments suggest that if oj^gen is used to combat the effects of 
lowered atmospheric pressure its administration should be started before the 
exposm’e to the louvered pressure. Moreover, if for an}!- reason the oxygen 
suppl}’" is interrupted at high altitudes there is a serious danger not only during 
the period of anoxia but also after the oxygen supply is restored. 

STOEMARY " 

1. Decompression in ah is accompanied by an alkaline change in the blood 
and th^ change produced is roughly proportional to the reduction in pressure. 
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2. A physiological limit exists for each animal. This is characterized by a 
turning point in the relation of oxygen pressure to blood pH. 

3. Administration of oxj’-gen prevents a marked alkaline shift in blood. 

4. The change in reaction of the blood is due to response of the respiratory 
mechanism to a reduced partial pressure of oxygen. 
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The presence of a substance in green plants which induces ovulation in rabbits, 
when injected intravenousl}’’, was demonstrated in a series of reports hy Friedman 
and co-workers (1-4). The method of preparation and the method of testing the 
material suggested the possibilit 3 ’- that, if the substance was a gonadotrophic 
agent, appropriate plant materials might be an economical source. The pres- 
ence of this rabbit-ovulating factor in plant juice has been confinned and the 
method of preparation has been simplified and improved (5). Storage of large 
quantities of the material as frozen juice, or as a dried precipitate, has made 
possible a study of the phj^siological characteristics of this material. The 
phj'siological evidence indicating that this o\ailation factor is not gonadotrophic 
in nature is set forth in this commimication. 

IMaterials and methods, a number of green plant materials such as 
afialfa, oats, com, carrot tops and lavm grass cuttings have been shovui to 
contain this rabbit ovulating factor; so there is no apparent restriction of the 
material to any taxonomic group. Plants were harvested and processed in the 
manner described by Borasty and Bradbuiy. The Oats 7 extracts used in the 
experiments listed here were made up from time to time from a powder prepared 
in May, 1942. This powder was prepared from a batch of juice that had been 
kept frozen from September, 1941. 

During the first 2 j'-ears of this study the post-partum or the post-pseudo- 
pregnant rabbit was employed as the test animal. Dui’ing this time it was 
shown that there is a seasonal variation in the sensitivity of the rabbit (5) and 
also that there is a high incidence of anestrus in' post-partum rabbits during the 
winter months (6). Siuce these findings proved that the post-partum rabbit is 
not a uniformly responsive test animal, the later part of the studj^ has been done 
using the less expensive, isolated or post-pseudopregnant estrous rabbit. The 
condition of estrus is judged by abdominal palpation of the uterus. The plant 
juice extracts are injected intravenously and the condition of the rabbit and 
its weight change are noted for 48 hours. At the time of laparotomy the ap- 
pearance of the ovary and uterus is noted in confinnation of the diagnosis made 
by palpation. Ovaries in estrous rabbits are usually large but are chiefly 
characterized by bemg made up of an opaque white matrix. The anestrous or 
non-estrous ovary is small and transparent or translucent; it lacks the white 

1 This research was supported by an appropriation from Bankhead-Jones funds (Bank- 
head-Jones Act of June 29, 1935). 

-New address: Department of Obstetrics and Gynecologj', University of Iowa, Iowa 
City, Iowa. 
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opacity even though it may contain a number of vesicular follicles that appear 
noimal. As a result of treatment, these non-estrous ovaries frequently form 
hemorrhagic and cystic hyperemic follicles which subsequently luteinize and the 
rabbit experiences a pseudopregnancy. Since these rabbits are not estrous and 
the follicles are not mature enough to ovulate, we have indicated this luteiniza- 
tion of unruptured follicles as a plus-minus reaction. For assa}'- purposes, 
this plus-minus reaction is considered as a positive reaction in a rabbit that is 
not fully estrous. 

Eabbit pituitaries are removed immediately after sacrificing the animaL 
The pituitaries are weighed to the nearest 0.5 mgm. on a Eoller-Smith torsion 
balance and then placed between 2 microscopic slides. Using 1 slide as a spatula 
the pituitaiy is crushed and worked into a smooth paste between the slides and 
then the 2 slides are placed in a vial and dilute allcali is added in an ampimt 
equivalent to 1 cc. to each 5 mgm. of fresh pituitaiy substance. This dilute 
alkali (1 drop N/10 NaOH in 10 cc. distilled water) quickly extracts and dissolves- 
the tissue from the glass slides and the solution is injected into test rabbits. 
Assay dosages are expressed as milligrams of fresh pituitaiy per kilogram of 
body weight and at least 3 rabbits are used at each dose level. 

Experbiextal. These plant extracts may be so toxic that they can be tested 
only within a limited dose range. The nature of the toxicity is not Icnown but 
there is commonly a marked alteration in the respiratory rhythm ivithin 5 to- 
10 minutes. Within 30 minutes to an hour there may be an audible dyspnea due 
to an accumulation of mucus which may persist for 1 or 2 days. In the early part 
of this study we isolated a number of these rabbits for snuffles on the basis of the 
apparent rhinitis the day after the plant juice extracts had been injected. In- 
jections of atropine were occasionally employed to relieve the respirator}’’ diffi- 
culties due to the accumulation of mucus. Larger doses of plant juice extract 
may cause death immediately or within 10 to 20 minutes. In these cases there 
is a convulsive seizure and acute air hunger suggestive of an embolism. The 
rabbits take veiy little food or water for 24 to 48 hours after an injection of the 
plant extract and there is usually a marked loss in body weight vdthin 48 hours. 
Diarrhea is also commonly present in this interval. 

The data .shovn in table 1 are tji'pical of the results obtained when groups of 
rabbits are injected with plant juice extracts at diff'erent seasons of the year. 
W’ei^t loss may vaiy in degree but it is quite consistently present. Com 2 was 
an extract of the initial acid precipitate and w’as relatively low in toxicity. The 
decreased incidence of positive results in September (Oats 7, table 1) is confir- 
mation of the seasonal variation in the sensitivity of the test rabbits noted by 
Borasky and Bradbur}^ This seasonal effect was again confiimed in 1943 and 
probabl}' accounts for some of the results of Friedman and Mitchell, 

It has been found that if anestrous rabbits are given a priming treatment mth 
estrogen they ■will OTOlate when given an injection of copper acetate (7). A 
series of experiments was conducted to determine whether estrogen pretreatment 
would make anestrous rabbits more responsive to plant juice extracts. Six 
anestrous rabbits w’crc given 8,000 I. U. of estrogen subcutaneously and the 
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folloiving day were given an intravenous injection of Oats 7 extract in a dose 
of 2 mgm. per kilogram. Five of tliese rabbits responded, 2 ovulated and 3 had 

TABLE 1 


Response of rabbits injected with plant juice extracts 


DOSE 

BODY ■n’EIGHT 

O^TJL^TIOS* ’ 

REiTAEKS 

Initial 

After 48 hr. 

RESPONSE 



Corn 2 (7/1/42) 


mgm./kgm. 

20 

10 

kgm. 

4.2 

3.3 

kgm. 

4.3 

3.1 

+ 

+ 


7/21/42 (Same solution) 

10 

4.4 

4.0 

+ 


5 

3.2 

3.0 

+ 


5 

3.4 

3.2 

— 



Oats 7 (7/1/42) 


10 

4.3 

3.6 

± 

Died 7/6 

4 

3.5 

3.2 

+ 


2 

3.8 

3.4 

+ 

Died 7/6 

1 

3.7 

3.7 

+ 

f 

1 

5.1 

4.8 

+ 


1 

4.3 

4.0 

— 

Anestric 

1 

3.1 

2.8 

— 

Anestric 

0.5 

2.7 

2.6 

— 

/ 

0.5 

2.7 

2.5 




Oats^7 (9/8/42) 


6.0 

3.1 



Died 6-8 hours 

4.5 

4.5 


— 

Died 12-20 hours 

3.0 

3.2 



Died 4 hours 

2.0 

3.3 

3.3 

— 


2.0 

3.1 

3.1 

— 


1.5 

4.2 

3.7 

± 

Died 48-96 hours 

1.5 

4.1 

3.9 

— 


1.0 

3.2 

3.2 i 

— 


1.0 . 

2.9 

2.9 

— 


Oats 7 (1/30/43) 

2.0 

3.8 

3.6 



2.0 

3.6 

3.3 

+ 


2.0 

4.3 

4.0 

+ 


2.0 

3.9 

3.5 

+ 


2.0 

3.8 

3.6 

— : 



follicles that luteinized without ovulation; the sixth died in about 12 hours. 
This same solution had not produced any positive results in 4 anestrous rabbits 
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injected 2 weeks previously. In a subsequent experiruent 4 out of 7 estrogen 
pruned rabbits ovulated when a dose of 1 mgm. per kilogram of oats was given, 
whereas, of the 6 unprimed rabbits that survived an injection of oat juice, 2 
showed a plus-minus response and 4 vrere negative. The results of these ex- 
periments indicate that estrogen pretreatment increases the sensitivity of the 
anestrous rabbit to the plant juice factor. This increase in responsiveness of the 
estrogen primed anestrous rabbit to plant juice extract, and to copper acetate, 
is so similar that it suggests that the two substances act in the same manner. 

The results of Brooks, Beadenkopf and Bojar (8) indicated that copper salts- 
activated a nervous mechanism which caused a release of gonadotrophic hormone 
from the pituitary. There ai'e no published data to show whether there is a 
demonstrable discharge of hormone from the pituitaiy following the injection 
of copper acetate so pituitaries from rabbits ovulated vuth plant juice extracts 
and also with copper were assayed. Pituitaries were taken from rabbits which 
had been injected vdth plant juice or copper acetate and the potency of those 
which had ovulated was compared mth those which had not ovulated. Se- 
lection on this basis insured that all the donors had been subjected to the toxic 
effects of the extract for 48 hours premous to autopsy. 

Two rabbits were injected vith an e.xtract of Oats 6 (2 mgm. per kgm.). In 
one the initial body weight was 5.6 kgm.; 48 hours later the weight was 5.0 kgm., 

5 ruptured follicles were present and the ovarian weight was 0.98 gram. The 
other rabbit had an initial weight of 4.4 kgm.; after 48 hours the weight was 

4.0 kgm., the ovaries were negative and weighed 1.06 grams. The pituitaries 
were extracted in dilute alkali, 5 mgm. fresh tissue per cubic centimeter' for 
assay. The results of the assay show that the pituitary from the rabbit ovulated 
with Oats 6 had less hormone than that of the non-ovulated rabbit (table 2). 
In another test, 5 anestrous rabbits were pretreated with estrogen and then were 
injected with Oats 7 at a dose of 1.2 mgm. per kilogram. Two died vathin 
4 hours, another after 36 to 48 hours and it had 2 ruptured follicles and the 
remaining twu rabbits survived 48 hours. One had lost weight from 4.4 to 

4.1 kgm.; its ovaries weighed 0.6 gram and were negative. The other rabbit 
lost wuight, 4.8 to 4.3 kgm., its ovaries weighed 0.6 gram and contained 4 
ruptured follicles. The pituitaries from these rabbits were assayed and the 
ovulated pituitary was found to be less potent (table 2). 

A similar group of assays was made on pituitaries from rabbits which had 
been treated with copper acetate. As an example, 6 anestrous rabbits were 
pretreated with estrogen and then injected with copper in the manner described 
previously (7). The dose of copper acetate was 2.5 mgm. per kilogram, which is 
tolerated without any untoward symptoms or weight loss. Three of these rabbits 
o%mlated and their pituitaries were pooled and assayed. The other 3 failed 
to ovulate and their pituitaries w'ere likewise pooled and assayed. The results of 
the comparative assay showed that the pituitaries from the non-ovulated rabbits 
were about twice as potent as the pituitaries from the ovulated rabbits (table 2). 
Similiar assay results were obtained in two' experiments in which ovulation was 
induced in estrous rabbits by the injection of copper. In other assays it has 
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been found that the potency of the pituitary from treated non-ovulated rabbit 
is entirely comparable to that of an untreated control rabbit. Thus oioilation 
occurs after copper or plant juice injections, only w'hen there is an appreciable 
discharge of hoiTuone from the pituitarj''. 

These assay results are interpreted as showing that the rabbit-omlating factor 
in plant juice has an action very similar to that of copper acetate in that both 
substances cause a release of hormone from the rabbit pituitary'' in a quantit}’- 
which is more than adequate to induce the ovulation observed after treatment. 

TABLE 2 


Assay of pituitaries from rabbits injected with plant juice extract 


PITtnTAIOES 

1 DOSE OF riTUITARY 

1 NUMBEE OF TEST BABBITS RESPONDING 

- 

zh 

+ 

Oats 6 (4/10/43) 


mzm.lkgm. 




Ovailated 

0.50 

3 

1 



0.70 

3 


1 

Non-ovulated 

0.50 

1 


3 


0.70 


2 

2 

Oats 7 (2/14/44) 

Ovulated 

0.75 

6 


• 


1.0 



2 

Non-ovulated 

0.75 


2 

2 

/ 

1.0 


1 



Copper acetate (1/19/44) 


Ovulated 

2.0 



3 


1.5 

1 

1 

1 


1.0 

3 



Non-ovulated 

1.0 



3 


0.75 

1 

1 

1 


0.50 

3 




The rabbit ovulation factors from plant juice and copper 'acetate are also similar 
in that they are effective only in estrous or estrogen primed rabbits. 

A number of substances such as copper andheme, which have no gonadotrophic 
effect in the immature rat when given -alone, have been used to augment the 
effect of pituitarj’- gonadotrophic extracts in the immature rat (9, 10). A 
series of experiments was done in which the active preparations of 06 and 07 
were injected into immature male and female mts alone and together vdth a 
pituitary F.S.H. preparation. 

A solution of Oats 6 containing S.9 mgm. per cubic centimeter was injected 
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into a group of inunature female rats. Six injections of 0.2 cc. each made a 
total dose of 10. 6 mgm. per rat. (Two milligrams per kilogram of this solution 
had ovulated a rabbit, table 2.) The results of this experiment when Oats 6 
was given alone, or together with F.S.H., are listed in table 3. There is no 
appreciable effect of Oats 6, except when mixed in vitro and injected with F.S.H. 
it may have delayed the absorption of F.S.H. enough to make it more effective. 
However when Oats 6 and F.S.H. were injected at separate sites (one dorsal and 
the other ventral) it had no effect. Similar results were obtained when a solution 
of Oats 7 vras used (1.2 mgm. per kilogram of this solution ovulated a rabbit). 
The total dose was 7.5 mgm. and again the only apparent effect may have been 
due to a delayed absorption of the F.S.H. (table 3). Mixing the Oats extracts 
with the F.S.H. solution before injection doubled the quantity of fluid at the 
injection site, which may also have been a factor in the rate of absorption but 
the increased effect was not of the order of magnitude which is recognized as 

TABLE 3 


Ineffectiveness of oat juice extracts in the immature female rat 



SO. or RATS 

AV. OVARIAN* 
^VEicnx 

AV. TJTERISE 
WTIGHT 

Oats 6 

3 

17.3 

30.0 

Oats 6 + F.S.H. mixed in vitro 

3 

31.6 

92.0 

Oats 6 + F.S.H. injected separately 

3 

26. 0 

92.0 

F.S.H,.! *. * 

5 

25.2 

92,0 

Oats 7 

3 

15.3 

1 

27.0 

Oats 7 + F.S.H. mixed in vitro 

3 

31.8 

69.0 

Oats 7 + F.S.H, injected separately 

3 

24.1 

69.0 

F.S.H ‘ 

3 

23.1 

73.0 




Untreated control ovaries range from 12 to 20 mgm. with group averages commonly 
14 to 16 mgm.; oats 6, total dose 10.6 mgm.; oats 7, total dose 7.5 mgm.; F.S.H., total 
dose 0.14 mgm. 


augmentation. The results with immature males were also negative for any 
demonstrable gonadotrophic or augmenting effects of these oat juice extracts. 
The lack of any effect when given alone, and the lack of any augmentation when 
given together with F.S.H. indicates that the plant juice substance does not 
possess the attributes of either of the pituitai^’’ gonadotrophins, F.S.H. or L.H. 

Discussion. Peysakhovich (11) reported that an extract of the red onion 
produced gonadotrophic effects in rabbits and in immature rats. His notations 
on the technique of preparation are so incomplete and contradictory that it was 
not possible to confirm his report. He stated that his material was destroyed by 
boiling in aqueous solution. The substance in our extracts is heat stable since 
we have obtained it from boiled plant juice, and the extracts have retained their 
potency after boiling. In this respect the ovulating factor is more like the yeast 
e-xtracts of Fevold, Hisaw and Creep in which the active agent was heat stable 
and was assumed to be copper. However, unless copper is present in some 
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organic combination which is more effective than copper acetate, the doses of 
our plant juice extracts are too small for copper to be the effective agent. 

It was found that an intravenous dose of picrotoxin, which was lethal in 20 , 
per cent of the cases and convulsive in 75 per cent, often caused ovailation or 
ovarian stimulation in rabbits (12). Emmens (13) concluded that copper and 
cadmium produced ovulation in the same manner as picrotoxin: by causing a 
release of hormone from the pituitaiy. The experimental evidence therefore 
seems to indicate that the rabbit ovulatmg factor of plant juice maj’’ be effective 
by virtue of its toxicity. However, should chemical purification reveal that the 
toxic substance can be separated from the o^mlating principle, the fact that it 
acts by causing a discharge of hormone from the pituitary suggests that it is a 
pituitary secretagogue rather than, a gonadotrophic- agent. The physiologidal 
demonstration of this secretagogue effect will probably be limited to the rabbit, 
cat and ferret; species in which ovulation normally results from copulatorj’’ 
stimulation. 


SUMMARY 

1. Estrogen pretreatment increases the sensitivit}- of the anestrous rabbit 
to the o-vulation effects of plant juice extracts. 

2. The rabbit ovulating factor of plant juice is an agent that causes a release 
of hormone from the pituitary of the estrous or estrogen primed rabbit in quanti- 
ties sufficient to cause the owlation. 

3. Plant juice extracts which were capable of causing ovulation in rabbits 
were ineffective in infantile rats either when given alone or in combination vdth 
pituitary extracts. 

4. The physiological evidence indicates that the factor in jilant juice may 
exert its effect as a neurotoxic agent ‘and that it does not have the attributes of a' 
gonadotrophic substance. 

Achnowledgment. The follicle stimulating hoimone (F.S.H.) and the estrogen 
used in this study were generously supphed hy Dr. J. P. Schoolej’’, Difeo Labora- 
tories, Inc. 
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Crashing injuries may lead either to a delayed renal disturbance knomi as 
crash sjTidrome (1, 2) or to an immediate state of progressive chculatory failure 
which belongs to the categoiy of traumatic shock. This report deals with the 
shock state accompanying an ischemic form of compression of the hind legs of 
anesthetized dogs in which local fluid loss and hemorrhage were minimal. 

Methods. Dogs, weigbing 10 to 20 kgm., and anesthetized with an initial subcutaneous 
injection of approjdmately 4 mgm./kgm. of morphine plus an intravenous injection of 20 
mgm./kgm. of sodium pentobarbital or an initial injection of 25 to 30 mgm./kgm. of sodium 
pentobarbital alone, were traumatized by wrapping each hind leg from the ankle to groin 
with a continuous spiral of 2 to 3 m. of rubber tubing of approximately 14 mm. outside diam- 
eter and 7 to 9 mm. inside diameter pulled to 10 to 15 kgm. tension. While the tissue tension 
was not measured it is computed that in the thigh it amounted to about 4 kgm./cm.* This 
method is a partial adaptation of the procedure used by Eggleton, Richardson, Schild and 
Winton (1) to stud}” the crush syndrome. 

In one group of experiments the dogs were placed in recovery cages immediately after 
wrapping the tubes about the legs. Mean arterial pressure was recorded nith the Hg ma- 
nometer froma carotid artery of a second group of dogs. Hematocrit readings were made of 
the arterial blood of these dogs and by venipuncture in the first group. Wintrobe hemato- 
crit tubes were used and were spun for 30 rain, at 2,000 R.P.M. Tubes spun a second time 
for 30 min. at 3000 R.P.M. on another centrifuge decreased in reading by only 1 cell voliune 
per cent. Rectal, subcutaneous and intramuscular temperatures were recorded (3). 

All dogs had been in the kennels at least one week and were in good condition when used 
for the experiments. Food was withheld for 20 hrs. preceding the experiment. Water was 
available up to the time of anesthetization, but no further water was given for 30 hrs. 

PwEStTLTS. A. Duration of compression and survival. The duration of com- 
pression and the survival of all dogs used in this study are indicated in table 1, 
A-D. The survival of 14 control dogs is indicated in table 2. 

B. Reactions after release of the rubber tubes. A few of the dogs placed in cages 
were given .small additional injections of morphine during the period of com- 
pression, but most of them did not require further anesthesia. Almost all were 
attempting to stand when the rubber tubes were removed, but within a few 
minutes they all became stuporous and many remained so until death. Those 
that sunN'ed many hours subsequently became partiallj’’ awake and attempted 
to sit up, but they again became semicomatose with rapid shallow respirations, 
characterized by the presence of forced expirations, shortly before death. Five 
of the dogs whose mean arterial pressure was recorded required additional small _ 

* Supported by a grant from the Commonwealth Fund. 

* On leave of absence from the Department of Physiology, Laval University School 
of Medicine; aided by a grant from the Provinceof Quebec, Canada. 
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TABLE 1 

Ischemic covipression shoch 
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EDEMA ml./kgm. 
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LEGS— NO. OF 

ESTI3IATED 
PLASMA LOSS® 

X 

V3 

blUN- 

—liKb, 

COITPRESSION — 
HRS. 

No. of dogs 
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edema 

Est. Max. edema® 
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8 

6 

0.8-31 

8.6 

9 

4 

3.5-35 

17 

15 -49 

30 

14 

8.5 

1 

7 

2 

1 

0 

1 

■ 

B 

B 


B 

9 
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I 

m 

4 -50 

16 

14.1 

1 

26-41 

ii 

39 -56 

46 

6.5 

6 

0 


5 

1 

i 

12 

-27 

22 

9-32 

21 

C 

14 
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1 

G.7 

2 -20 

m 

iQB 

1 

-7-20 

6 

3.3-33 

18 

8 

7 

7 

4 

0 

2 

i 

6.5-29 

18 

1-26 

11 

D 

4'* 

M 

G.l 

6.1 

18 -24 

20.6 

9 


13-37 

24 


32 


3 

0 


0 

4 

M 

11 

-27 

19 

14-24 

19 


3® 

■ 

6.1 

6.1 

9.3-13 

11.1 

■ 


20-45 

30 

IB 

39 


2.5 

0 


0 

1 

2 

19 

-25 

22 

18-18 

18 




A — both lund legs traumatized, dogs minimally anesthetized, free to move about in cages, studied during Decem- 
ber to February. 

B— the same as A but studied in May. 

C — ^both hind legs traumatized, kept on animal boards and mean arterial pressure recorded continuously, studied 
during December to February. 

D— one hind leg traumatized, minimally anesthetized, free to move about in cages, studied during May. 

Av.— average. 

<r— standard deviation of individual determinations about the average, computed as: 


<r = A MR-X)^ 

y N-\ 


■where X — average of determinations on all animals in the group, X >= individual determination on each animal 
and JV = number of animals. 

a = (measured edema 10)1.10 — see p. 501 for explanation. 

Sff — This is an expression for the probable error of the estimated maximum edema. It ■ans computed as follotrs: 
For each measurement of limb volume several immersions were made. The standard deviation of the difference in 
volume for an extremity was computed as : 





2[Xc - Xcl» + - Xym? 

Ac - 1 + Ape - 1 


where Xc is the individual measurements at each immersion and x’c is the mean of these measurements during the 
control period, and Xpm and Xpm are the corresponding measurements after death; and where Ac and Npm are the 
number of immersions respectively. Letting be the sum of for the two legs, and using o’,, the standard deviation 
for the change, in volume of a leg with death, = 2.0 [table 4J, then the total standard deviation for the estimated 
maximum edema in a dog is : i 

Sa = oj + 2 X “’c 


In the above table the column labelled So- is the average of the Sv for all of the dogs in the group, 
b— see p. 498 for explanation. 

c — plasma loss -was roughly computed as = SO |^1 — ~ ^ , where SO = the estimated blood volume in ml./kgm., 

and He and Bp are the control and postmortem hematocrit readings respectively. 

I — control hematocrit taken just before anesthetization. 

H— control hematocrit taken just before release of rubber tubes on hind legs, 
d— killed; e — died. 


injections of sodium pentobarbital during the period of compression. Only one 
of these required a small additional amount of anesthetic after release of the 
tubes. 

In the dogs listed in table 1 C, tlie mean arterial pressure remained around 170 
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TABLE 2 

ConlToU — No trauma 



10 -& -6 -4 -2 O 2 4 6 8 »0 12 

Fig. 1. Consecutive changes in mean arterial pressure, etc., in a dog subjected to ischemic 
compression of its hind legs. Anesthesia 25 mgm./kgm. of sodium pentobarbital at minus 
7.25 hours. Duration of compression of hind extremities indicated bj" shaded bar at top. 
Zero time— release of rubber tubes. AP — mean arterial pressure, i/— hematocrit reading, 
R — rectal temperature, FP — subcutaneous temperature of forepaws, QM — temperature of 
quadriceps muscle, HP — subcutaneous temperature of hindpaw, RM — room temperature. 
AbscLssal scale — time in hours. Ordinate scales: AP — mean arterial pressure in millimeter 
Hg, //—hematocrit reading in cell volume per cent of blood volume, °C— scale for tempera- 
ture reading.s_in "centigrade. 

to 180 mm.Hg during the latter part of the period of limb compression. It fell 
rapidly during the first 15 minutes to 1 liour after release of compression to 120 
to 150 mm.Hg and then more gradually. ^^Tien the mean arterial pressure 
reached 50 to ^ mm.Hg the circulation or respiration u.sually rapidly failed and 
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the animal died ■mthin the ensuing 20 to 30 minutes. The results in a t3rpical 
experiment are illustrated in figure 1. Venous pressure was not recorded, but it 
was obseiwed that after release of the rubber tubes venapuncture in the fore leg 
was much more difficult because of the failure of the vein to fill, and the with- 
dravm blood was much darker. Because of the rapid heart rates in dogs 
anesthetized ivith pentobarbital, thi*ce experiments were performed' under mor- 
phine and evipal. In two of these the heart rate ranged between 50 and 70 
and in the third between 85 and 135 beats per minute during the period of limb 
compression. In each the heart rate rose rapidly immediately after removal of 
the rabber tubes, exceeding 160 withhi 15 minutes and reacliing a maximum of 
240 to 260 beats per minute within 2 houi's or less. The mean arterial pressure 
did not drop below 90 to 100 mm.Hg until the heart rate had reached its maxi- 
mum. 

The plots in figure 2 show" that in ahnost all animals the hematocrit reading 
rose 5 to 10 cell volumes per cent shortly after release of the rubber tubes and 


ro 9876543210123456789 10 12 14 



' Fig. 2. Consecutive changes in hematocrit readings in all experiments in which studied. 
Scales — ^same as figure 1. ' 

continued to rise more showly thereafter. In several of the experiments the 
hematocrit reading rose considerably duiing the period of compression. This 
rise may have been an effect of the anesthetic (3) or possibly in some way depend- 
ent upon the limb compression. No satisfactoiy correlation was found between 
the magnitude of the rise in hematocrit reading and either the volume of edema 
or the survival. 

The changes in subcutaneous and intramuscular temperature in the trauma- 
tized extremities w"ere similar in all experiments. Those in a typical experiment 
are illustrated in figm-e 1. As soon as the tubes w"ere applied, these temperatures 
began to Ml, and usually were approximately at room temperature when the 
tubes W"ere released. Immediately upon release of the inibber tubes both temper- 
atures rapidly rose, but within 15 to 30 minutes they again began to decline. The 
subcutaneous temperature rapidlj" approached room temperature, while the 
intramuscular temperatm’e returned to a position midway between rectal and 
room temperature. 
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The subcutaneous temperature of the untraumatized forepaws, recorded in 
three expeiiments during the wntcr months, was within 2 to 5° of the rectal 
temperature during the compression period. Within a few minutes after release 
of the rubber tubes the subcutaneous temperature began to drop and rapidlj’’ 
approached room temperature. In view of studies reported previously (3, 4) , 
it is apparent that the blood flow tlirough the .skin of the forepaw was rather 
promptly reduced after release of compression of the hindlegs and remained at a 
veiy low rate despite the fact that initially the mean arterial pressure was still 
quite high. These changes are illustrated in figure 1. In this experiment the 
rectal temperatui’e declined during the period of falling arterial pressure. More 
commonly, the rectal temperature remained steady or rose progressive^ until 
death. 

Except for those which survived more than 24 hoxrrs, none of the dogs voided 
after i-elease of the rubber tubes. The urine, found in the bladder at autopsy 
in quantities of 5 to 300 ml., Avas frequent deeply pigmented, indicating a con- 
centrated urine, but onlj’- a few .specimens had a reddish tinge. Five of the latter 
Avere examined spectroscopically for us by Dr. Wade Price of the Department of 
Medicine. He found evidence of mjmglobin in 2, KG-55 and KG-56, a trace of 
myoglobin in 1, KG-36, and no myoglobin in 2, ICG-26 and ICG-37. No hemo- 
globin Avas found in anj" of the specimens. 

A fcAA- of the dogs AA'ere carefully examined several hours after release of the 
rubber tubes. Moderate poAA'er had returned to the proximal thigh muscles and 
a knee-jerk could be obtained. jMuscles of the distal part of the leg could not be 
caused to contract refle.xlj'", but could be excited by electrical stimuli applied by 
surface electrodes, and the animals seemed to be aAAwe of the moA'ement. The 
animals AA^hich surAwed in this as well as in another series of experiments (39) AA’-ere 
able to use the hindlegs for balance, but for many days AA^ere unable to support 
the bod}’- AA'ith them. For as long as they AA^ere folloAved, the dogs AA^alked on the 
dorsum of the hind feet. Superficial cutaneous ulcers deA’^eloped in one dog, but 
no evidence of deep infection aa-rs observed. 

C. Postmortem examinations. Gro.ss postmortem examinations were per- 
formed on all dogs as soon as possible after death. These findings were con- 
trolled by many examinations of dogs rapidb’' bled to death or killed by ventricu- 
lar fibrillation. In the traumatized legs (see table 1) the findings varied from 
normal — labeled 0 in the tables, just detectable moistness of the soft tissues — 
labeled -f , prominent edema of the soft tissues — labeled ++, marked gelatinous 
edema of the soft tissues and moistness of the muscle.s — labeled -}-4-+, to A’^eiy 
marked gelatinous edema of the soft tissues associated AA'ith marked edema 
and pallor of the muscles— labeled + -f -f -k- Occasionally areas of hemorrhage 
AA'ere seen in the muscles or soft tissues, but they AA’ere never very-' prominent. 

, In the dogs djdng in shock the tissues throughout the body varied from the 
cvhemic^ appearance seen in dogs killed by Amntricular fibrillation to a moderate 

5 The word euhemic is proposed as descriptive of tissues having a normal blood content 
in contrast to the anemic or hypercmic .appearance seen in abnormal states of the circula- 



ISCHEailC COMPRESSION SHOCK 


499 


liyperemia. The tissues differed niarkedl}’- from the anemic appearance seen 
in dogs bled to death. 

Subendocardial hemorrhages ivere seen in the atrial sui-face of the mitral valve 
in 22 dogs and in the tricuspid valve in 2. However, such subendocardial hemor- 
rhages have been observ'ed not infrequent^ in nontraumatized controls. In 
most of the dogs fine blood vessels wei*e seen in the subcutaneous tissue over the 
thorax and in 10 not autopsied imtil 10 or more hours after death the subcutane- 
ous fat was diffusety purple. The omentmn, mesentery and serosa of the gut 
varied from euhemia to a marked Ityperemia. The latter was particular^ 
lirominent in the dogs studied in May (39). A large number showed small 
hjqDeremic areas in the duodenal mucosa, but an identical appearance was seen 
in man}’’ of the control dogs. As ■v\ith “hemorrhagic” and certain other forms of 
shock (5-10, 18), 7 dogs showed free blood in the lumen of the duodenum. In 
several dogs there were spotty, puiple, hyperemic areas in the lungs. This 
finding was also particularty prominent in the dogs studied during May. 

Complete microscopical studies were performed on two dogs which were ob- 
served during May. These studies^ revealed extensive passive hyperemia in- 
vohdng particularly the capillaries and veins. This hyperemia was seen in the 
mj'ocardium, lungs, fiver (particularly in the middle and central portions of the 
lobules), spleen and kidne3’’S (associated -^lith cloudy swelling of the convoluted 
tubules) . The muscle of the traumatized legs showed what appeared to be 
rupture of the sarcolemma -aith retraction and tortuosity of the muscle fiber and 
edema in and between the muscle fibers but no hemorrhage. Inflamatorj^ disease 
of the cardiac valves, myocardium, kidney and adrenal was found in both dogs 
but no inflammation was seen in the traiunatized legs of either dog. 

Discussion. In a recent paper, Eggleton, Richardson, Schild and Winton (1) 
report that pounding the muscles of the hind legs plus application of rubber 
tubes in a tightly wound sphal from ankle to groin for 6 hours, plus crushing the 
compressed extremities in a vice for 5 minutes resulted in a decline of arterial 
pressure and a failure of renal function after release of the rubber tubes. They 
give, however, no data on survival or on the edema in the legs. We have adopted 
then’ method of appl 3 dng the rubber tubes, but have found that the additional 
trauma is not necessaiy for the induction of a standard degree of shock in our 
dogs. 

Production of shock by pounding an extremity was initiated by Cannon and 
Bayliss (11-13) in 1919. Since then many similar methods have been dei’ised 
(14r-27) . The shock produced by these methods is due in part to the hemorrhage 
into the traumatized tissues and perhaps also to infection . Application of tourni- 
quets composed of 2-3 turns of heavy rubber tubing wrapped about one or both 
thighs as close to the groin as possible has also been used by many investigators 
(28-37). The shock induced by this method is probably dependent upon the 
ischemia of the legs. Our method combines the effects of mechanical trauma 
ndth ischemia wdthout complicating the experiment by causing any serious 

^ These studies were made for us by Dr. Howard T. Karsner, director of the Department 
of Pathology. 
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amoimt of local hemorrhage and with a minimum opportunity for introduction 
of bacteria. 

The behavior of the dogs used in this study during the hours follovang release 
of the tubes is similar to that seen in clinical shock. Thus, there is a depression 
of cerebral- motor activity, an apparent cessation of the need for further 
anesthesia, collapse of the peripheral veins, hemoconcentration, and a progressive 
slow decline in arterial pressure ending in death. 

The hiitial rapid rise in hematocrit reading is probably in part due to the forma- 
tion of the edema in the legs, but it is also in part due to the cutaneous vasocon- 
striction and probably to retraction of the spleen (38) , These latter possibilities 
plus a variable absorption of tissue fluid maj’’ account for the poor correlation 
between the volume of edema and the magnitude of the change of hematocrit. 

The postmortem examinations indicate that the lungs, liver, fatty tissue of the 
abdomen, mesentery, omentum, thoracic structures and subcutaneous tissue, 
and the kidneys maj'- all be the site of accumulation of blood, particularly in the 
capillaries and veins, which may be gi-eater than that seen in animals dying sud- 
denly of ventricular fibrillation or hemorrhage. It is not possible to state, how- 
evei', whether this accumulation of blood played an active part in the final 
circulatory failure or whether the apparent hyiieremia is due to the presence of a 
normal quantity of concentrated blood in the systemic and pulmonary venous 
systems after death. In view of the elevated hematocrit in these dogs the latter 
might very well explain the findings. ' 

Local fluid accumulation. 1. Method. The local edema in each hindleg was computed 
from the difference between the volume of the extremity after death and that before trauma- 
tization , This volume, which included all proximal soft tissues of the thigh and groin up to 
the midline ventrally and, on the lateral and dorsal aspect of the thigh, to within 4 to 7 cm. 
of the midline in the cephalad direction and to the base of the tail caudally, was obtained by 
immersing the extremity in a tall narrow mouthed vessel, filled with a dilute solution of lysol 
in water, until the ischial tuberosity was depressed into, and the iliac crest, symphysis pubis 
and base of the tail rested upon the mouth of the vessel. During the immersion the torso 
lay upon a platform the same height as the immersion vessel and the opposite extremitj’^ was 
extended and elevated approximately 40® above the horizontal. The depth to which the 
skin entered the water, marked with quick drying paint, was 6 to 10 cm. above the highest 
level of compression on the lateral aspect of the thigh. At least 2 and usually 3 or 4 immer- 
sions were made at each determination of volume. 

One possible error in this method of measuring the edema is that the legs might shrink at 
the time of death duo to loss of turgor and perhaps also to vasoconstriction in the vascular 
beds of the extremities. As a result, the apparent edema would be less than the actual 
edema by the amount of such shrinkage. This was tested by immersing an extremity before 
and again after death due to various causes. Table 3 shows that in most animals the 
shrinkage was ap]>roximately 3 ml./kgm. of body weight per extremity, whereas in 7 edema- 
tous extremities, the shrinkage was approximately 5 ml./kgm. of body weight per extremity. 
Evidently we shall have to add the latter amount to the measured edema to obtain the true 
volume of edema. 

Despite the fact that the legs were immersed to a level well above the highest region of 
compression it is still possible that some edema in proximal soft tissues or in the pelvis was 
missed. This possibility was tested in several experiments by applying a rubber tube to 
only one extremity. The tube was removed in 6 hours and, after the dog had died or had 
been killed, the edema of the traumatized extremity, estimated by immersion, was compared 
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Tvith the difference in weight between the control and ti’aumatized extremities, severed ac- 
cording to the method Blalock (14, 16) except that the sacrum was sawed in two instead of 
being disarticulated. The results are presented in table 4. Column D shows that the meas- 
ured volume gain ranged from 63 to SS per cent of the difference in weight between the two 
extremities . Since we consider that an edematous leg may shrink 5 ml ./kgm. of body weight 
we have added 5ml. to the measured volume. We have also multiplied this sum by 1.03 to 
allow for the density of the edema fluid. The resulting figure is tabulated in column E. 
Column P sho^^•s that when these two corrections are made, the resulting figure is 90 to 107 


TABLE 3 

Modification in the volume of a leg resulting from death or compression 



NO. OF 

MODIFICmON or THE VOLUiCE DT Mt./KGII. 


FXP. 

Range 

A\ crage 

Median 

a 

A. IJntraumatized legs* 

19 

-6.6 to d-l.O 
—7.9 to —2.6 

-3.3 


2.12 

B. Traumatized legsf 

7 

-4.8 


2.00 

C. Compressed legsj 

14 

—7.2 to —0.7 

-4.3 

mm 

2.25 



* Change in volume of normal legs as a result of accidental death or of death bj’’ bleeding 
or bj’' ventricular fibrillation. No significant difference was found either between the vari- 
ous modes of death or between the legs whose opposite leg was edematous as a result of 
trauma and those whose opposite leg was normal. 

t Legs were traumatized by ischemic compression, and after considerable edema had 
developed the limb volume was measured by immersion, the dogs were Idlled and the 
limb volume again measured. 

t Limb volumes were measured, limbs were compressed for 6 hours, dogs were killed 
before removal of compression and after removal of the tubes the limb volumes were again 
measured. 


TABLE 4 


Comparison of dissection with immersion — 1 leg traumatized 


NO. 

EXP. NO. ! 

J 

A ' 

DIFF. IN WT. 
OF EEGS BY 
DISSECTION 

1 

B 1 

DIFF. IN VOL. I 
OF TRAXniA- 1 
TIZED LEO 

c 

DIFF. IN %OL. 
or CONTROL 
LEG 

D 

b/a X 100 

E 

[b + 5) X 
1.03 

F 

e/a X 100 

1 

KG 44 

sm./ksm. 

34.6 

ml /kgm. 

25.4 

ml. /kgm. 

-3.6 

74^ 

31.3 

91 

2 

KG 45 

32.1 

24.2 

-2.8 

76 

30.1 

94 

3 

KG 47 

20.2 

12.7 

-4.3 

63 

18.2 

90 

4 

KG 48 

26.5 

20.3 

-4.3 

77 

26.0 

98 

5 

KG 49 

28.6 

20.8 

-2.2 

73 

26.6 

93 

6 

KG 62 

38.5 

35.0 

-4.8 

88 

41.2 

107 

7 

KG 65 

57.7 

45.3 

-3.8 

79 

51.7 

90 


per cent of the difference in weight between the traumatized and control extremities. Since 
in most of these experiments the percentage is greater than 91, we believe that it is a safe 
assumption that only 10 per cent (9/91 X 100) needs to be added to account for unmeasured 
proximal edema. 

2. Results. ' The measured volume of edema and the estimated mjaximum volume 
of edema, allowing for the above coiTections, are given in table 1, A-D for all 


f 
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experiments in which they were measured. For comparison with these we have 
placed in table 5 the volumes of blood, expressed in milliliters per kilogram of 
body weight which had to be removed from similarly anesthetized normal dogs, 
in order either to bleed them to death (A, B) or in order to lower then mean 
arterial pressure to, and to keep it at 30 to 70 mm.Hg for 1.9 to 7.0 hours (C). 

Discussion. The initial decline m arterial pressure in these dogs is certainly 
due in part to a decreased total peripheral resistance caused by the reactive hy- 
peremia in the traumatized legs as .shovm by the immediate elevation in their 
temperature. However, at most this can have caused only a temporary decline 
in arterial pressure since the temperature studies indicate that blood flow in the 
traumatized extremities returned to below normal vdthin approximately an hour. 

The progressive fall in arterial pressure up to death is probably dependent 
upon a continuing decrease in cardiac output dependent principally upon a grad- 
ually increasing discrepancy between vascular capacity and circulating blood vol- 


TABLE 5 
Bleeding volumes 




DtTRATION’ or 
BLEEDtNO—HRS. 

VOWJilE REMOVED— JIl./KCM. 

nypOTENSIVB PERIOD 

1 

1 

X 

u 

> 

o ■ 

Range 

O 

U ' 
« 

Range 

t£ 

« 

b 

C 

.5 


Duration— 

Hrs. 

Mean Art 
P. — mm. 
Hg 

i 

j 

d 

z 


< 




b 

Range Ave. j 

Range Av. 

A. Normal anesthetized 
dogs 

4 

0.3-2. 5 

1.6 

48.0-69.0 

57.0 

57.5 

8.66 

1 

Bled to death 

B. Bled before rubber 
tubes removed 

7 

0. 3-1.0 

0.5 

39.4-60.0 

50.7 

50.8 

6.81 

Bled to death 

C. Hemorrhagic hypo- 
tensive shock* 

9 

0.8-6. 5 

2.1 

40.0-58.2 

48.6 

48.8 

7.41 

CD 

30-70j44.4 


* Blood pressure recorded continuously. The survival time ranged from 0.3 to 8.0 
hours with an average of 3.8 hours after reinfusion. 


ume (38). The rather inunediate depression of the nervous |sj’'stem and the 
abrupt decline in pressure suggest that nervous mechanisms or the activity of hu- 
moral substances may have contributed to the circulatory failure. ■■ Regarding 
tliese possibilities, this paper provides no direct evidence. 

The cats studied by Cannon and Bayliss (11-13) died with a gain in weight 
of the traumatized extremity of less than 11 per cent of the estimated blood vol- 
ume. They concluded on the basis of this and other observations that “the shock 
was due to the absorption of a depressant substance liberated by the traumatized 
tissues.” Since they had severed the traumatized and untraumatized thighs by 
disarticulation at the knees and liips and had skinned the extremities before 
weighing they may not have measured all the edema. Most recent investigators, 
following the lead of Blalock (14, 16), have severed the control and traumatized 
legs, after making a trans-abdominal incision, by disarticulating the sacrum 
from the tail and sacral vertebrae. We have adopted the immersion method of 
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measuring ihe edema since ifc allows us lo traumatize both extremities and thus 
obtain shock more consistentlj'-, is quicker, and makes it possible to measure the 
edema of surviving dogs (39). With the corrections discussed under methods, 
it appears to give a satisfactoiy measure of the local fluid loss. 

The edema in the dogs in table lA, and particularly those studied in May 
(table IB), was in general rather large, as large in fact as that which most other 
investigators have found (table 6) in dogs dying of traumatic shock. In these 
exj^eriments it is possible that the edema was the principal factor leading to the 
circulatorj’- failure. It should be noted, however, that contrary to the technique 
used by most investigators, our dogs were minimally anesthetized and were free 
to move about in their cages. The experiments in table IC, in which the dogs 


TABLE C 

Sumimry of data in literature 
Dogs which died as a result of the trauma 


Axrmoft {Tti.T,') 

KO. 

or 

ANT<;Tnr- 

TRAtntA 

: S11RVX\’AI. TTUn 

KDEUA 

noc*? 

VSTSi 

SIA 

1 

Range 

Av. 

Range | 

Aver- ! 
age 

Method 

used 

Vareon and Phcml'icr (15) 

i 

6* 

\ \ 

Etlicr ! 

Morpliino { 
Na barbital 

Bounding 

hs. 

hrs. 

n\,l 

kgm. 

33 -47 

ml./ 

ksm. 

42.8 

Dis-'ccUon 

Blalock (10) 

6* 

Xnbarbitnl 

Mild pounding 

19 -10 

24 

24.8-48.1 

30.0 

Dissection 

Wilson and Hoomc (31) 

13t 

! 

1 

Na barbital 

Itubbcr tourni' 
quet 

5 -52 

25.0 

10 -Cl 

35.4 

DissccOon 


13* 


Occlusion of 

5.3-13.5 

D 

35 -09 

52.0 

Dissection 



venous return 


■ 




Jtnncry and Bolandt (25) . . . 

2U 

Ether 

Bounding 

1.2-24 

D 

0 -57 

32 

Immersion 


S* 

Morphine 
Na barbital 

Deep muscle 
burn 

19 -35 

25.7 

0 -18 

8.5 

Immersion 


■ 


* Mcnnnrtcrial pressure recorded. , 

t Arterial pressure not recorded, but dogs apparently Kept on animal bo-ards. 


were kept restricted to animal boards and in wliich the anesthetic was more pro- 
longed, are more nearly comparable to those reported in the literature. In these 
the estimated maximmn edema was quite small (3.3 to 33, average 18 ml./kgm. 
of body weight). 

One possible explanation for the small volume of local fluid loss in the latter 
experiments is that we failed to measure all the edema, Tliis does not seem 
likely since in all cases we have allowed the maximum error in computing the 
estimated maximum edema. Furthermore, the gross examination of the 
traumatized legs checks well with the immersion measurements. 

A small amount of sticky fluid is often found adherent to the rubber tubes when 
they are removed. This fluid is in part water which remained on the legs after 
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the immersion, but it seems to be in part also a plasmia-like substance squeezed 
through the skin by the compression of the rubber tubes. If a significant volume 
of tissue fluid were lost from the legs while the}' were being compressed then the 
replacement of this fluid upon release of the rubber tubes would cause a loss of 
body fluid which would not be indicated b}' the immersion measurements. To 
measure the magnitude of this possible fluid loss we wapped the legs of several 
dogs and then Icilled them after G hours of compression, but before removing the 
tubes. Table 3C shows tliat the volume of the legs after 6 hours of compression 
is approximately 4.3 ml./kgra. of body weight less than that before wrapping. 
Since this is but little more than the amount by which untraumatized legs shrink 
with death (table 3A), we believe that the slightly greater decrease in volume 
is due primarily to a more complete squeezing of blood from the vessels of the 
legs into the systemic circulation and that an insignificant volume of fluid is lost 
from the body as a direct result of the compression. However, even if the dif- 
ference between the two shrinkage volumes, 2.0 ml./kgm. (1.0 X 2), were added 
to the estimated maximum edema, the total fluid loss would still be small for the 
dogs whose blood pressure was recorded continuously. 

In practically all bleeding experiments (43, 46-49, and table 5) it is necessary 
to remove a volume of blood equal to or greater than 50 ml./kgm. of body weight 
in order, to cause immediate death. Since in most of our dogs the fluid voliunes 
lost were less than this, it is apparent that the circulator}’’ failure is not due 
simply to the immediate effects of lo.ss of circulating blood volume. Loss of a 
smaller blood volume may, however, reduce the minute volume of circulation 
to a point where progressive changes begin to occur which eventuate in circula- 
toiy failure even when the initial fluid loss does not immediately cause death. 
In studies of hemorrhagic ly-potensive shock it has been found necessary to lower 
the mean arterial pressure to around 50 mm.Hg for 90 minutes and to around 30 
mm.Hg for an additional 30 minutes (40) or to between 50 and 60 mm.Hg for 2 
to 5 hours (41) (see also table 5) to cause a state of shock in which the arterial 
pressure progressively declines after reinjection of the withdrawn blood. In the 
present experiments the arterial pressure declined slowly from 120 to around 50 
over several hours, but most of the dogs died mthin relatively few minutes after 
the mean arterial had fallen below 50 to 60 mm.Hg. It might be argued on the 
basis of these arterial pressure readings that slowed blood flow played no part 
in the shock picture in these dogs. As a result of the temperature studies, how- 
ever, we are inclined to believe that, following removal of the rubber tubes, the 
systemic blood flow may have been seriously imparled even when the arterial 
pressure was still well above the so-called shock level of 50 to 70 mm.Hg. 

The dogs in table 1C lost no or ven' little blood, yet the .survival times and 
the amount of edema were both less than in the dogs placed in recover}' cages. 
Evidently prolonged anesthesia and, particularly, restriction of movement and 
maintenance of a .supine position contributed materially to the ease with which 
shock was induced by the trauma. This is in agreement with the findings of 
Swingle et al. (27) in shock induced by pounding the muscle w’ith rubber mallets, 
with the findings of Kisch (42) in shock induced by intraperitoneal injection 
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of croton oil, witli the obsei’vations of Johnson and Blalock (43) on the resistance 
of dogs to bleeding and plasmapheresis, and wth onr own observations on shock 
associated with deep muscle bums (44). 

It is our impression also that the course of tliis form of shock is influenced by 
the season of the year (39). Thus the dogs studied in Majj^ developed more 
edema and showed greater hyperemia of the lungs and viscera than did those 
studied during the winter months. This could be due either to a gi-eater hydra- 
tion of the w^arm w'eather dogs, or to a better resistance to the shock processes, 
thus prolonging life until a greater local fluid loss had occurred. 

Conclusion. The initial fall of arterial pressure in dogs traumatized by this 
procedure is induced principally bj'’ a combination of reactive vasodilatation in the 
traumatized legs and initial rapid loss of body fluid into the tramnatized tissues. 
The continuing steady’’ decline of arterial pressure is probably due to a continuing 
smaller loss of fluid into the traumatized tissues plus the onset of a ^dcious cycle 
wherein slowed sj'stemic blood flow results in widespread damage to the vascular 
sj'stem and perhaps also to other tissues. Although no evidence is presented 
except the small fluid loss in many experiments, it is considered that humoral 
and nervous factors may veiy well have contributed to the fatal outcome. Pro- 
longed anesthesia and particularly restriction of movement favor the develop- 
ment of shock. 


SUMMARY 

An ischemic trauma was produced by application of rubber tubes in the form 
of a tight continuous spiral bandage from the ankle to the groin of both hind legs 
of dogs anesthetized with morphine and sodium pentobarbital. Upon release 
of the tubes after 6 or more hours compression, death occurred in 24 of a fii-st 
gi’oup of 25 mmimally anesthetized dogs w^hich were free to move about their 
cages and in all of a second gi’oup of 14 dogs anesthetized for longer intervals and 
restricted to animal boards in a supine position. The dogs of the fii-st group 
survived 0.8 to 50 hours after release of the rubber tubes, with an average sur- 
vival of 11.8 hours. The dogs of the second group survived 2.0 to 20 hours with 
an average survival of 7.9 hours. 

Following the release of the rubber tubes the mean arterial pressure in the dogs 
of the second group fell rapidly from around 170 to 180 mm.Hg to around 120 
to 150 mm.Hg accompanied by a marked rise in heart rate, and a reduction of 
blood flow in the forepaws, as indicated by subcutaneous temperature records. 
The mean arterial pressure then declined more slowly to about 50 to 60 mm.Hg, 
after wliich death from resphatoiy or cardiovascular^ failure ensued within a 
relatively few minutes, (jollapse of the peripheral veins was noted during the 
period of declining arterial pressure. The hematocrit reading rose rapidly during 
the fii’st hour after removal of the rubber tubes and continued to rise slightly 
during the ensuing hours. Depression of activity and sluggish response to 
stimulation w^ere seen in the lightly anesthetized dogs after release of the limb 
compression. 

The accumulation of fluid in the traumatized extremities was measured by 
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immersion of the legs separately in a suitable tall narrow vessel before' applying 
the rubber tubes and again after death. After allovdng 5 ml./kgm. of dog per 
extremity for shrinkage of the legs with death and after alioving for the fact that 
immersion may measure only 91 per cent of the true edema the estimated jmaxi- 
mum volume of edema still ranged from 15 to 56 \vith an average of 41.3 ml./kgm. 
of body weight in the dogs of the first group and from 3.3 to 33 with an average 
of 17.6 ml./kgm. of body -weight in the second group of experiments. One leg 
only was traumatized in 7 dogs . Three of these died with an estimated maximum 
volume of edema of 33, 33 and 55 ml./kgm. The remaining four were killed 
at approximately 20 hours. The estimated maximum edema in these dogs was 
20 to 47 ml./kgm. of dog. 

The above observations are not explainable on the basis of a reactive hyperemia 
in the traumatized legs alone. Accumulation of fluid in the legs is apparently 
an important factor in the induction of the shock state, but in man}’" of the ex- 
periments the volume of edema appears to be insufficient of itself to e.xpiain the 
death. If the operation of humoral or nervous factors are not subsequently 
demonstrated to play a part in the iaduction of this type of shock we may have 
to revise downward our estimates of the quantity of local edema necessary to 
induce shock, especially in the absence of hemorrhage into the traumatized 
tissues. 

The somewhat shorter survival and lesser edema in the second group of dogs 
demonstrates the importance of prolonged anesthesia and of restriction of activity 
in contributing to the ease with which shock with fatal outcome may' be induced. 
Evidence is presented which suggests that dogs studied in the spring resist shock 
better than do dogs studied during tjie winter months. 
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It has been shoMm (1) that a diet containing 50 per cent fat pi'oduces within 
70 days a decrease in the water content and an increase in the amount of fat 
in the skin and body of the albino rat. The present study was undertaken to 
determine whether similar changes can be induced by the same diet within a 
shorter time and also whether such changes are quantitatively in proportion to 
the length of time on the diet. 

PnocEnuRE, Litter mates of approximately equal weight were selected at 
weaning and fed for 50 to 70 days on a stock diet similar to the Wistar Drj'^ 
Ration. They were then placed on the experimental diets. The length of 
time between weaning and beginning the experiment was so regulated that all 
the animals at the end of the experiment were the same age as those that had 
been on the diet 70 days in previous experiments (1) . At the end of the prelimi- 
nary feeding period on the stock diet, one group of 10 animals were fed a high 
fat diet for one week while their litter mate controls were kept on a stock ration. 
A second and third group of ten animals each were fed the high fat diet for two 
and three weeks, respectively, with their litter mates remaining on a stock diet 
All the animals were allowed to eat and drink ad libitum. The composition of 
the diets, the experimental procedure and airal 3 d;ical methods were the same as 
described elsewhere (1). 

Method of drying animal tissues. The water content of the skin and body was 
determined by drying in weighing bottles for 48 hours in an evacuated desic- 
cator over CaCi 2 and then to constant weight over P2O5. This procedure which 
we have consistently followed (1-3) was the method of choice as we believe it 
to be more reliable than drying in an oven at 100°-105°C. Two errors are in- 
troduced by drying at this temperature: one, a loss of weight due to the volatili- 
zation of both fatty and nitrogenous materials; the other, a gain in weight re- 
sulting from oxidation (4, 5) , Wliile one maj’- at least partially if not completely 
offset the other, both can be avoided bj-^ diying in a vacuum. 

Notwithstanding these objections, the water content of animal tissues is 
sometimes determined by drying in an oven at a high temperature. It was, 
therefore, deemed advisable to carry out the following experiment to ascer- 
tain the extent of the error introduced by this procedure. A rat was decapi- 
tated and the entire body ground according to our usual procedure in a meat 
chopper and then in a com grinder. These manipulations were carried out in 
a room saturated with water vapor. The resultant mass has been shoriTi to be 

1 Preliminary report: redcr.alion Proc. 2: 56, 1943. 
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homogenous (6). Four aliquots Avere taken from the ground substance. One 
was dried in a desiccator; one in an oven at 100°-105°C.; and another in a desic- 
cator until it no longer lost weight and then finally to constant weight in an 
oven. The fourth aliquot was analyzed immediately, and the others after 
drying, for their fat content. Ten animals were used in this experiment. 

The material dried in the oven and also that which was first dried in tlie 
desiccator and then in the oven lost more weight than that dried in the desic- 
cator alone. Calculations of the water content based on the loss in w'eight 
gave the following values: 64.1 per cent for the material dried in the desic- 
cator; 65.2 per cent for that dried in the oven; and 65.1 per cent for that dried 
in both desiccator and oven. From these data alone it would appear that more 
water is removed by drying in the oven. The fat analysis, however, showed 
that the apparently greater loss of water in the oven-dried tissues was partly 
due to an error introduced by the volatilization of fat. The fat content of the 
aliquots dried in the oven was 7.7 per cent and 7.8 per cent, respectively, of the 
wet weight; whereas the material dried in the desiccator alone contained 9.8 
per cent fat which was exactly' the same percentage as in the aliquot of the fresh 
wet tissues. These are average values but it is of interest to note that prac- 
tically the same difference in the water and fat content of the aliquots dried in 
the desiccator and oven prevailed in each individual experiment. The differ- 
ence in the percentage “water” content as determined by the two methods of 
di-jung wns not precisely the same as the difference in the percentage of fat. 
This may perhaps be accounted for by oxidation in the oven which partially 
offset the error introduced by the loss of fat. 

The error involved in oven drying is not the same for all the tissues. In 
another experiment on ten animals the blood, muscle, kidneys, liver, brain and 
skin were dried fii'st in the desiccator and then in the oven. The changes in 
the calculated water content after drjung in the oven ranged from 0.4 per cent 
to 2.1 per cent for the various tissues. This wns probably due to differences 
in the amount of fat and in the degrce of oxidation in the different tissues. 

It was apparent from gi-oss obseiwation of the oven-dried tissues that definite 
chemical changes had taken place. The material dried in the oven had a dark 
brown appearance while that dried in the desiccator was the same color as the 
fresh substance. Upon extraction of the 40 per cent alcoholic solution of the 
oven dried material, -a small amount of gummy substance wns thrown out of 
solution by petroleum ether. This substance was partial^ soluble in chloro- 
foim and 95 per cent alcohol and completely soluble in a mixture of chloroform 
and alcohol. It did not give a positive test for cholesterol. 

Resuets. Marked changes in the water, protein and fat content of the 
skin and body were induced within one wnek by a high fat diet. The analytical 
data are given ia table 1. The percentage of wnter and of protein wns lowered 
wliile the percentage of fat show^ed a definite increase. These differences on 
the two diets, w’hich persisted without any marked change for three weeks, 
wnre observed in each individual experiment. The reduction of the protein 
content of the body on the fat diet w’as less than in the skin but wns neverthc- 
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less statistically significant. Table 2 is presented to facilitate comparison of 
iveek to week changes induced in the composition of the skin and body on the 
high fat diet. 


TA^BLE 1 

Percentage fat, water and ■protein content of the skin and body of albino rats on a high fat and 

on a stock ration* 


KALES 

nOULES 

High fit diet 

Stock diet 

Higli fat diet 

Stock diet 


Weeks on diet 



1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

✓0 

% 

Fat in skin 

13.4 

12.9 

14.7 

6.6 

7.3 

6.6 

17.5 

18.3 

22.6 



10.5 

HeO in skin 

57.1 

56.9 

57.1 

61.7 

61.8 

61.9 


52.2 

51.2 

57.4 

59.5 

59.3 

Fat in body 

18.5 

17.8 

17.2 

10.5 


9.4 

18.0 

19.3 

18.2 



9.9 

H.0 in body 

57.5 

56.9 

57.1 

63.1 

61.8 

61.9 

57.4 

56.4 

57.2 

64.3 

61.7 

63.4 

Protein in skin (NX 
6.25) 


25.0 

24.4 

29.4 

29.4 


22.5 

22.5 

22.5 

26.9 

25.6 

25.0 

Protein in body (N X 
G.25) 

19.4 

17.5 

18.8 

20.6 

19.4 

19.4 

17.5 

16,8 

17.5 

19.4 

18.1 

18.8 


* Each value in the table is an average of five experiments. 


TABLE 2 

Differences in the percentage fat, water and protein in the skin and body resulting from a high 

fat intake 


’R'EEKS OK ■ 
EATIOK 

EAT IN SIODI 

HiO nf SKIN 

EAT IN BODV 

H:0 IS’ BODY 

TEOTEIN IN 
SKIN 

(K X6.2S) 

PROTEIN IN 
BODY 

(N X 6.25) 

Males 

1 ! 

+6.8 ^ 

-4.4 

+8.0 

-5.6 

-4.4 

-1.2 

2 I 

+5.6 i 

-4.9 

+7.8 

—5,5 

-4.4 

-1.9 

3 1 

j +8.1 

-4,8 1 

1 

+7-8 1 

-6.4 

-5.6 1 

-0.6 

Females 

1 

+6.5 

-7.3 

+8.0 

-6.9 

-4.4 

-1.9 

2 

+7.8 

-7.3 

1 +6.G 

-5.3 

-3.1 

-1,3 

3 

+10,1 

-8.1 

+8-3 

-6.2 

-2.5 

-1.3 


A plus sign indicates a higher percentage on the fat ration; a minus sign a lower per- 
centage. 


From these data it is apparent that feeding a high fat diet produced the same 
qualitative eSect on the skin and body within one week as was observed previ- 
ously (1) after 70 days on the diet. Quantitatively, hoivever, the effect was 
more pronounced with the longer feeding. At the end of 70 days there was an 
increase in the fat content of the skin of the males and females over the controls 
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of 11.0 and 19.6 per cent respectively, whereas in three weeks the increase was 
8.1 and 10.1 per cent. The water content was reduced 8.9 and 11.9 per cent, 
respectively, in 70 days but only 4.8 and 7.3 per cent in three weeks. These 
more pronounced changes with longer feeding evidently took place between the 
third and tenth week. 

The sex differences in the water and fat content of the skin reported elsewhere 
(1) were observed also in the present experiments (table 1). Since these dif- 
ferences obtained on both the stock and high fat diets and also in other experi- 
ments on a high carboh 3 'drate diet, it maj’ be concluded that thej'’ were not 
dependent on the composition of the diet. 

CONCLUSIONS 

A high fat diet induced a definite increase in the fat content and a decrease in 
the percentage of water and of protein in the skin and bodj'- of the albino rat 
vitliin one week. 

These changes were qualitativelj'- the same although quantitatively not as 
large as those previouslj’’ observed at the end of 70 da^^s on the diet. 

The same sex differences in the composition of the skin obtained on a high fat 
diet as on a stock and high carbohj’-drate diet. 

Drjdng of the animal tissues in an evacuated desiccator is a more rehable 
method for deteimining the water and fat content than drying in an oven at 
100-105°C. 
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An increased synthesis of acetylcholine (ACh) in the presence of high con- 
centrations of potassium has been reported by Mann, Tennenbaum and Quastel 
(1939), using slices of adult rat cerebram. The probable connection of Trith 
some phase or phases of carbohydrate metabolism has recently become increas- 
ingly evident. In view of a probable dependence of ACh synthesis in vivo on 
normal carbohydrate metabolism (Welsh, 1943), it was of interest to confirm 
and extend the work of Mann et al. (1939). The present paper offers results 
of experiments with aerobic and anaerobic S3mthesis of ACh b}’’ infant and 
adult rat brain slices in media containing different concentrations of KCl. 
Infant tissues were used as well as adult since Sykowski, Fazekas and Himwich 
(1939) reported a greater production of ACh by infant than adult rat brain. 
Several possible mechanisms for the observed effects of potassium are discussed. 

Methods, Rats of the vSprague-Dawley albino strain were used. Adult 
rats were both males and females; the infant rats used were all males and were 
less than 24 hours old. 

The rats were beheaded; the whole brain, including cerebram, cerebellum, 
brainstem and medulla, was removed. Brains of adults were split sagittally, 
those of infants were left whole; these were rinsed, blotted with filter paper to 
remove excess moisture, and sliced as thin as possible. One half of an adult 
brain or 3 infant brains were used in each experiment. The weighed tissue was 
placed in 125 cc. flasks in 3 cc. of medium per 100 mgm. of tissue. Suitable gas 
mixtures (95 per cent Ot-o per cent CO2 for aerobic experiments; 95 per cent 
Nr-o per cent CO2 for anaerobic experiments) were bubbled through the medium 
in the flasks for 10 or 20 minutes; the flasks were sealed, shaken in a constant 
temperature bath for 1 hour and 15 minutes at 37°C., and the contents were 
extracted for “free” or total ACh. 

The normal bicarbonate-Locke used consisted of NaCI, 0.13 M; KCl, 0.004 M; 
CaCL, 0.002 M; and NaHCOj, 0.025 M. The modified solutions contained 
KCl 0.027 M, 0.05 M, 0.075 hi, or 0.10 hi, with a corresponding decrease in 
NaCl to maintain isotonicity. In all experiments glucose was added to give 
1 part in 500. Eserine sulphate 1 part in 5,000 was added at the start or, in 
certain of the anaerobic experiments, between two 10-minute periods of bubbling 
the NrCOs mixture through the fluid in the flask. 

The extraction of “free” ACh (that part of the total ACh readily extractable 
in water, in the presence of adequate amounts of eserine and without emplojdng 
a protein denaturant) was done by centrifuging the contents of a flask, the 
supernatant fluid being decanted and assayed for its ACh content. To extract 
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the total ACh, the tissue slices Avere ground Avith sand, acidified m the original 
fluid to pH 3 (using Congo red paper as an indicator) with normal HCl, let 
stand one hour, then partially neutralized to pH 5-6 mth normal NaOH, and 
centrifuged. Further dilution Aifith buffered solutions at the time of assay 
raised the pH to 7 or 7.5. 

The isolated ventricle preparation of the mollusc, A^enus mercenaria, was used 
for assaying the extracts. Records were obtained as in figure 1. The depres- 
sions of the beat caused by knoAvn amounts of ACh were compared with those 
caused b}'- different amounts of extract. Values are expressed in gamma of ACh 



Fig. 1. A portion of an assay record using isolated heart of Venus mercenaria. At 
3 X 10“", 4 X 10“", etc., are records of the depression produced by these knoAvn concentra- 
tions of acetylcholine. At C, 6.0 mgm./cc.. A, 2.0 mgm./cc., etc., are records of the de- 
pression produced by extracts containing the active material from 6.0 mgm., 2.0 mgm., 
etc., of brain tissue per cubic centimeter of fluid bathing the heart. Test solutions allowed 
to remain in bath approximately 1 min. Between tests heart was washed repeatedly and 
allowed 5 to 10 min. to recover original amplitude. 

A = adult, free ACh; B = adult, total ACh; C = infant, free ACh; D = infant, total 
ACh. Conditions of experiment: anaerobic; 0.05 M K+; eserine 1:5000 from time tissues 
Avere weighed. 


per gram of moist tissue. Stock acetylcholine chloride was made up in five 
per cent NalioPO^, sealed in ampoules, heated in a water bath at 100°C for 10 
minutes and stored at a Ioav temperature until used. The stock solution con- 
tained one part by weight of the base in 1000 parts of Avater, and results are 
exiiressed in terms of equh^alent AA^eights of the base,. not the salt. 

Results. Estimated values of ACh present in AA'hole rat brain extracted 
immediately after decapitation are as folloAA's: adult brain contains about 
0.5 7 free ACh, and 1.0-1.5 7 total ACh/gram tissue; infant brain contains 
0. 1-0.2 7 free, and 0.4-0.6 7 total ACh/gram tissue (Welsh and Hyde, 1944; 
unpublished observations). 





POTASSIUM AND ACETYLCHOLINE SYNTHESIS 


. 515 


The rate of sjuthesis is increased in a medium, containing 0.027 M K+. Adult 
brain slices at this concentration contain an average of 13 7 total ACh/gram, a 
considerable increase over the amount synthesized at 0.004 M K+. The aver- 
age infant value for total ACh at 0.027 M K+ is onl}'* slightty larger than that 
at normal K+. The values for free ACh in both infant and adult are consider- 
abb' larger than those in normal K+, suggesting that at the higher K+ some of 
the bound or combined ACh is being released. 

At 0.05 M K*^ the value for total ACh is, in the adult, about the same as at 
0.027 M K+, and in the infant, the highest at any K+ concentration. Thus 
synthesis is maximal at a concentration of K+ between 0.027 and 0.05 M. It 
is interesting to note that 0.05 M is very nearty the concentration of K+ inside 
frog nerv'-e cells (Fenn, Cobb, Hegnauer and Marsh, 1934). At 0.05 M K+ all 
the ACh in i^ne adult brain slices is present as free ACh, due presumabl}’’ to 
complete release or replacement of bound ACh. 

A single set of determinations at 0.075 M K+ showed a decline in synthesis by 
both infant and adult tissue. This dechne is further shown by the results of 
experiments at 0.10 M K+, where the values for total ACh are approximately 
equal to those at 0.004 hi K+. The rvalues for free ACh at this high K+ con- 
centration are almost as large as those for total ACh in both infant and adult 
tissue, indicating again replacement or release of bound ACh in the presence 
of high K+. 

Anaerobic series. The values obtained for sjmthesis under anaerobic condi- 
tions are also contained in table 1. A few experiments were carried out in 
which eserine was present in the fluid in which the tissues were weighed. Since 
this meant that the ACh synthesized during about 10 minutes of aerobic condi- 
tions was being preserved, subsequent experiments were carried out in which 
the eserine was added to the flasks in which nitrogen was being bubbled through 
so that of the free ACh onlj'" that actually released under anaerobic conditions 
was preserved. ,The determinations of ACh synthesized anaerobically were 
made for only two concentrations of KCl: 0.004 M, the concentration in normal 
bicarbonate-Locke, and 0.05 M KCl, the concentration at which synthesis and 
release were greatest under aerobic conditions. 

From table 1 it mil be seen that at 0.004 M K+ the total ACh in adult slices 
under partially anaerobic conditions is less than that under aerobic conditions, 
while the infant total ACh is slightly larger than that found under aerobic 
conditions. Values for free ACh are similar to those found under aerobic condi- 
tions at this concentration. At 0.05 M K+ there is very little increase in ACh 
synthesized by infant and adult brain slices. 

In the experiments in which eserine was added while nitrogen was being 
bubbled through the tissue medium, a more accurate test of the possible effects 
of K+ on anaerobic synthesis was made. Of the free ACh, only that actually 
released was preserved under these conditions. At 0.004 M K+ values are 
similar to, but slightly smaller than, those obtained under the partially anaerobic 
conditions where eserine was added to the tissues before the nitrogen was bub- 
bled through. At 0.05 M K"^ it is seen that the results are very different from 



JOHN H. WELSH AND JANE E. HYDE 


516 , 

those obtained with aerobic synthesis. Instead of the large increase in ACh 
synthesized aerobically in high concentrations of K+, there is, if anything, 
slightly less ACh produced anaerobically at 0.05 M K+ than at 0.004 M K+, 
These findings are in agreement mth observations of the effects of high K+ on 
aerobic and anaerobic glycolysis in brain (Ashford and Dixon, 1935; Dickens 
and Greviile, 1935). 

Discussion. The results of synthesis of ACh by adult rat brain slices re- 
corded above, using different concentrations of K+, agree in most respects with 
those of Mann, Tennenbaum and Quastel (1939). In a solution vdth 7-8 X the 
amount of K+ of normal bicarbonate-Locke, synthesis is at a maximum; at 
about 12 X normal K+ the release of bound ACh is at a maximum; a further 
increase in K+ inhibits synthesis. 

The actual values we obtained are not as high as those of Mann et al, but 
this may be partly due to differences in teclmique. They used slices of whole 
cerebrum, we used slices of all parts of the brain. Their values are expressed 
in terms of AChCl; ours are as equivalents of the free base. With their assay 
object, the leech muscle, any response to high K+ would be additive to the 
ACh response, while with the Venus heart the effect of high K+ is opposite 
that of ACh.^ 

In addition to confirming this work it was also shovm that the effect of added 
K+ on synthesis by incubated slices of infant brain gave results essentially 
like those obtained with adult tissue. The infant brain contains much less 
ACh at the start than the adult brain, and the dry weight of the infant rat 
brain is only 10 per cent of the total wet weight, while the diy weight of the 
adult brain is 22 per cent of the wet, weight (Koch and Koch, 1913). 

Anaerobic experiments using normal bicarbonate-Locke confiimed the earlier 
observations of Quastel, Tennenbaum and Wheatley (1936) and Mann, Tennen- 
baum and Quastel (1938) that little, if an}^ synthesis of ACh by bram slices 
occurs in the absence of O 2 . Under anaerobic conditions less ACh, if anything, 
was foimed at 0.05 M K+ than at normal K"**. 

^ We failed to find, under any of the conditions we tried, more free ACh formed 
by newborn than by adult rat brain slices, as reported by Sykowski, Fazekas 
and Himwich (1939), even though in a few expeihnents (not recorded under the 
results given above) we tried phosphate-Locke as used by these investigators. 

If calculated on a basis of diy weight the values for infant free ACh in the 
phosphate-Locke experiments were about the same as those for adult; the 
considerably larger infant yields reported by Sykowski et al. could not be 
confiimed, however. There are several differences in technique which might 
help explain this. 

Mann, Tennenbaum and Quastel (1939) explained their results largely on 
the basis of changes in permeability of the neiwe cell membrane produced by 
K"^; and also by the breakdown of the "combined” form of the ester. A recipro- 
cal action of K+ and ACh in tissues is well known. A liberation of ACh by 
KCl has been observed in experiments with several different organs (Beznak, 

1 With neither the leech muscle nor the Venus heart docs potassium, in the concen- 
trations used, seriously interfere with the assay. 
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1934; Brown and Feldberg, 1936 and 1936-37; Chute, Feldberg and Smyth, 
1940). Similarly ACh releases K+ (Dulifere and Loewi, 1939; Cicardo and 
Moglia, 1940). However, it is difficult to see how increased permeability and 
release of bound ACh could account for the very much greater ACh synthesis per 
unit of weight and time at 0.027-0.05 M K+. It is believed that K+ has one or 
more additional actions affecting the sjoithesis of ACh. 

There is growing evidence that K+ plaj^s an important r61e in the metabolism 
of the nerve cell. This is seen in its effects on respiration and glucolysis of 
brain. Recently there is evidence of a role of in carbohydrate metabolism 
and specifically in certain phases of the phosphoiylation process. Nachman- 
sohn and Machado (1943) have secured a large production of ACh in cell free 
extracts of rat brain upon the addition of choline chloride, eserine sulphate, 
sodium fluoride and a!denosine triphosphate (even under anaerobic conditions), 
thus showing that the final step or steps in sjmthesis of ACh may derive energj’’ 
from the splitting of ATP. Nevertheless there is good evidence that the S 3 m- 
thesis of ACh by tissues normall}’- requires an adequate supply of glucose and 
oxj’-gen (Quastel et ah, 1936; Mann et al., 1938; Welsh, 1943). It may be 
assumed that in tissues all of the factors responsible for normal carbohydrate 
metabolism are important in determining the rate of synthesis of ACh. K+ is 
apparentl}’' one of these. 

^ Ashford and Dixon (1935), and later Dickens and Greville (1935), found that 
aerobic glycol^’^sis in brain slices was' greatty increased at K+ concentrations 
between 0.02 and 0.1 IM. They also showed that anaerobic gtycolysis was 
decreased by high K+. It is to be noted that the production of ACh under 
aerobic and anaerobic conditions is affected similar^ by K+. More recently 
it has been suggested that K+ has an effect on some phosphorylation phase or 
phases of carbohydrate metabolism (Verzar and Somogyi, 1939; Pulver and 
Verzar, 1940; Lasnitzki, 1940; Boyer, Lardy and Phillips, 1942 and 1943). 
These latter authors have evidence to show that K+ has a specific effect on the 
phosphorylation of the adenyhc system in muscle. The inhibiting action of 
adenosine triphosphatase by K+ (Mehl and Sexton, 1943) is also to be noted. 

Nachmansohn and Machado (1943) tried 0.02-0.06 M K+ on their extracts 
of rat brain and found no effect on the formation of ACh. They concluded 
that increased K+ is not directly involved in ACh formation .and that Mann 
et al. were correct in ascribing the action of K+ to changes in permeability. 
However, if high K+ favors the foimation of ATP no action would be expected 
in Nachmansohn and Machado’s experiments where adequate supplies of ATP 
were already present.^ 

K’*' may be considered to have several roles in the sjmthesis and release of . 
ACh: 1, affecting permeability of the cell membrane; 2, replacement of ACh 
on a “precursor” or synthesizing enzyme (perhaps Nachmansohn’s “cholme 
acet 3 dase”) ; 3, one or more steps leading up to the formation and breakdown 

® Recently Nachmansohn (personal communication) has shown that is required by 
the “choline acetylase” system. Between 0.01 and 0.02 M KCl there is a marked increase 
in ACh -formation. Higher concentrations of KCl, up to 0.16 M, result in only slightly 
more ACh being formed. 
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of ATP to provide energj- for ACh formation. The physiological actions of 
increased K+ on nerve cells are well known (see Fenn, 1940). To what extent 
thej" are direct actions and to what extent indirect, by way of the ACh mecha- 
nism, remains to be seen. 


SUHMAEY 

The effect of increased potassium on the synthesis and release of acetylcholine 
(ACh) by slices of newborn and adult rat brain, under aerobic and anaerobic 
conditions, was studied. The earlier findings of Mann, Tennenbaum and 
Quastel were confirmed, namely that at 7 to 8 X the K+ of normal Locke’s 
solution the synthesis of ACh by brain slices in O 2 was maximal; at about 
12 X K"^, the release of ACh was maximal; further increase in K+ resulted in a 
decrease in ACh formation. 

In addition to confirming Mann et al., it was found that slices of infant brain 
beha%'ed essentially as adult except that the yields of ACh were not as great. 
Also, that under anaerobic conditions very little ACh is synthesized at 0.004 
M and increasing the to 0.05 M causes a possibly significant slight 
decline in total ACh. 

Mann et al,, considered their observed K+ effects due primarily to changes in 
cell permeability. Recent observations suggest that K+ plays a role in carbo- 
hy^drate metabolism, and that high may favor the formation of energy^-rich 
phosphate compounds shonn by Nachmansohn to supply energy for the syn- 
thesis of ACh. Thus more than one action of K+ is probably responsible for 
its observed effects on ACh formation and release. 
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Much of the shock hterature during the past twenty years has been devoted 
to the problem of whether or not the liberation of toxic chemical materials is 
involved in the production of shock. (For recent reviews of the shock literatm’e, 
cf., 1, 2.) While the toxin liberation theoiy is most attractive from many 
' aspects, it has been lacking in conviction, not onl}’- because of the failures to 
obtain direct evidence in its support, but also because of our lack of knowledge 
of prototypes of the hypothetical toxic substance. 

Few knovm substances that occur in mammalian tissues could fulfill this 
role of a toxin. Histamine has been studied extensively in tliis connection, 
and its importance in shock has been effectively discounted (1, 2). Another 
substance with shock producing properties which has previously escaped much 
attention is callicrein. Studies were, therefore, undertaken on the relationship 
of callicrein to shock. 

The hypotensive substance known as callicrein (or kallikrein) was first dis- 
covered (3) and systematically studied (4-11) by Frey, Kraut, Werle and co- 
workers. It is present in most mammalian tissues in small concentration (6), 
and is especially abundant and readily demonstrated in urine (11-14) and 
pancreas (6, 7, 15, 16), saliva and salivary glands (17, 18, 19) and throughout 
the intestinal tract (20). Callicrein is found in the free, active form in urine, ' 
saliva (17) and possibly salivarj'- glands (19, 21), whereas that found in the 
pancreas (21) and intestinal tract (22) is liberated from a bound-inactive fonn 
by the action of proteolytic enz 5 >’mes (23). Relatively large amounts of the 
inactive callicrein occur in serum (10, 24), and can be converted to the hypotensive 
form by acidification, treatment with acetone or proteolytic destruction of the 
inactivator (10, 13, 24). 

At least two different substances occuning in the body inactivate callicrein 
by combining with it. One of these inactivators occurs in the ganama-globulin 
fraction of, serum (25, 26), while the tissue inactivator is a basic protein (27) 
especially abundant in cattle lymph nodes and spleen (8). Incubation of 
callicrein with either inactivator results in a combination that is no longer 
hypotensive. The combination can be split with release of active callicrein 
by acidification. The reaction between callicrein and the inactivator depends 
upon the pH of the medium (8, 26); alkaline solutions favor the formation of 
the inactive complex, while acid reactions prevent iti 

Callicrein can be prepared most readily from urine (9, 28, 29) or pancreas 

1 Supported by a grant from tbe Josiab Macy, Jr., Foundation. 

- Fellow of tbe Lalor Foundation, 1942-43. 
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(30), It has never been isolated in pure form, and various chemical studies 
(31, 32) of purified preparations have not established its chemical nature- 
Certain criteria (20) will distinguish callicrein from other hypotensive substances; 
callicrein is a, heat labile; b, non-dialyzable through cellophane; c, inactivated 
by incubation with serum, and it will d, increase the pulse pressure, and e, 
cause contraction of the isolated dog intestine (33, 34, 35). 

The h 3 ’potension resulting from callicrein is not a cardiac phenomenon, but 
is attributed to an effect on the tonus of the blood vessels (36) and the resulting 
splanchnic and peripheral vasodilatation (5, 37, 38, 39). The coronaiy arteries 
(40) as well as the vessels in the lungs, brain, etc., (5, 37) are also dilated It 
affects the blood pressure only when injected intravenouslj'' (31), into a related 
species (41, 42), and some of the phai-maeological effects of small intravenous 
doses have been described (43-49) ; it is antagonistic to adrenaline (14, 15, 28, 31, 
32, 50, 51). Indirect evidence indicates that callicrein increases capillaiy perme- 
ability (52-55). 

The experiments desciibed in this report show that callicrein will reproduce 
the many features of the shock sjmdrome. Its administration led to a h 3 rpo- 
tension, increased heart rate, decreased cardiac output, hemoconcentration, 
plasma loss, anoxia, acidosis and death from respirator^’’ failure. As a natural 
constituent of mammalian blood and tissue, it possesses the attributes of a 
shock producing material that might prove to be of fundamental importance 
in the etiologj* of shock, 

ExPERnEE>rTAL The callicrein used in these studies was prepared from normal 
human urine (collected and processed under toluene or xylene) Ity adsorption 
on a uranium acetate precipitate and elution vnth diammonium phosphate as 
described by lOaut et al. (9). After exhaustive dialysis of the eluate, the 
callicrein was adsorbed on benzoic acid and obtained as a dry powder b}’' removal 
of the benzoic acid with alcohol-ether (9). This powder, which usualty contained 
3.3 Frej’' units per milligram, was redissolved in M/40 iNaHCOa and adminis- 
tered intravenously. Some e.xperiments were carried out with the diatyzed 
eluate made isotonic vith sodium chloride. In order to detennine to what 
extent the principal shock effects obseiwed maj’- have been due to impurities, 
control experiments were conducted vith material in which the callicrein had 
been inactivated. 

Some of the experiments were carried out on normal, unoperated and un- 
anesthetized dogs; other dogs ’ti’ere anesthetized bj’’ an initial intravenous dose 
of 32.5 mgm. nembutal per kgm., and additional amounts were given as needed. 
Little or no additional anesthesia was needed after the callicrein administration 
(49). Alinor operative procedures were carried out in imanesthetized animals 
under local procaine treatment. About fifty dogs were used in the experiments 
described herein and in most cases their pre\dous history was unknown. Seventj'- 
five per cent of the dogs weighed between 10 and 15 kgm.— -the average was 
13.5 kgm. Seventy per cent of the dogs were male. E.xperiments were also 
carried out on 4 dogs which were splenectomized thi-ee to four weeks before 
being used. A protocol giring some details of all the experiments herein des- 
cribed has been included. 
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Blood samples Avere AAitlidraYm from the jugular A*ein or from a catheter 
inserted tlirough the jugular vein into the A’ena cava in the region of the heart. 
Samples taken for anatysis of the blood gases Avere remoA'ed under oil and 
anatyzed immediatel.y. Heparin Avas used as an anticoagulant for the blood 
■samples. Loss of blood, either bj* hemorrhage or sampling, AA*as not an important 
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comphcation; the total amount removed in any expeiiment A\'’as usually not more 
than 0.3 to 0.4 per cent of the bodj’’ Aveight. In experiments in Avhich the 
plasma volume Avas determined or in Avhich complete analyses of the inorganic 
and organic constituents were made, the total blood AAathdi'aA\m was greater 
than this blit did not exceed 1 per cent of the body weight. 
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General Effects of C'alHcrein. The intravenous injection of 200 units of cal- 
Herein killed all anesthetized dogs. This was 60 mgm. of the usual urinaiy 
pi'eparation, or the average amount of callicrein excreted daily by a normal 
human (11). No essential differences were noted when the total dose was in- 
fused slowly over a period of an hour, or when it was injected as rapidly as with- 
in 5 minutes; in either case, a time interval was necessary before the animal died, 
and this was true even when ten times this usual dose was given. There was a 
great variation among dogs in their response to callicrein; the most rapid death 
occuixed in 1.5 hours, the slowest in about 12 hours, and death occurred between 
4 and 7.5 hours after starting the caUicrein administration in 70 per cent of the 
experiments. The unanesthetized dogs were more resistant to the lethal action 
of callicrein, and 6 out of 18 dogs recovered after recehdng the usual 200 units. 
The survival time of those d3dng averaged 6| hours as compared with 6y hours 
for anesthetized dogs. 

The effects of calHcrein in both anesthetized and imanesthetized dogs were 
similar, with two notable exceptions, a. Unanesthetized dogs responded to 
intravenous callicrein with saHvation, vomiting, retching, and strong intestinal 
contractions and evacuations (33, 34, 35). The animals became very thirsty,, 
but vomited an}^ water given them. Anesthetized dogs showed only mild in- 
testinal activity, b. The rectal temperature rose after the administration of 
calHcrein to unanesthetized dogs (46, 47), but remained the same or fell slowly 
in anesthetized animals. In both tjTpes of experiments there appeared to be a 
cessation or marked diminution of urine output. Defecation occurred in all 
dogs, and a bloody diarrhea developed m many. 

Within f hour of the start of the infusion of calHcrein into unanesthetized 
dogs, they became very listless and depressed. The dogs occasionaUy moved 
their eyes, but looked tired, sick and apathetic. This condition usually lasted 
for several hours, and then either became progressively worse or the dog showed 
a temporary improvement. The progressive deterioration resulted in a condi- 
tion of stupor or unconsciousne=;s. The dog had a blank, vacant stare, and did 
not blink or move when approached. The corneal reflex was present, but there 
was no response to painful stimuH. Death Avas immediately preceded by the 
gasping symptoms of respiratory failure. The heart continued beating after 
respirations stopped, but the heart contained Httle blood. IMany dogs showed 
a temporarj’’ recoverj’’ from the initial depression effects, the improAmment 
lasting for several hours. There was cA-ery indication from outAvard appear- 
ances that the dog had recovered, though he probably Avas not as active or HAmly 
as normally. EAmntually, howeA'er, the progressive deterioration supervened 
and led to death in the maimer prcAiously described. 

Physiological Responses to Callicrein. Blood pressure changes. Changes in the 
mean arterial pressure Avere measured in anesthetized dogs by a mercury manom- 
eter connected by a citrate solution to a carotid cannula. Although indiAudual 
responses AA'ere sometimes quite different, the general pattern of the response to 
callicrein is illustrated by seA*eraI representativ'e tracings in figure 1. These 
cuiwes shoAv the initial precipitous drop in pressue to 40-60 mm. Hg and the 
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two secondaiy rises usually occurring in about 5 minutes and 30 minutes after 
tlie start of the callicrein administration and in spite of its continued adminis- 
tration. After the second rise to 60-90 inm. Hg, the pressure fell gradually 
over a period of hoius until death, or it fell to a level of 35-40 mm. Hg and re- 
mained there for several hours before death, A premortal rise in pressure, vith 
large oscillations of the manometer, coincided vith the gasping signs of respira- 
toiy failure. 



Fig. 1. The effect of callicrein on the mean arterial blood pressure. 

Callicrein administration was started at the arrow. Changes during the first half-hour 
iire showTQ for no. 20 only. Similar changes in the others are as follows: 

No. 1—160, 120, 150, 40, 65, SO 

No. 3—150, 60, 95, 50, 80 

No. 54—135, 50, 70, 40, 45 

Fig. 2. Changes in cardiac output and oxygen consumption following callicrein admin- 
istration i 

Callicrein was given at the arrow. Each line has been extended to the time of death. 
The nembutal was administered 2J hours before the callicrein in experiments no. 56 and no. 
60, and 4 hours in experiment no. 57. The blood pressures existing at each measurement of 
the cardiac output (shown by the experimental points on the curves) were : 

No. 56—135, 105, 40, 75, 75, 55, 45, 35 

No. 57—140, 125, 50, 70, 80, 85, 50 

No. 60—140, 55, 65, 75, 135, 75, 60 

No. 60 was breathing against a resistance during the interval from 1^ to 5^ hours after 
■callicrein. 

f 

The pressure changes were similar whether the callicrein was given rapidly 
or slowly, or when the amount administered was ten times the usual dose. It 
is probable that part of the secondaiy rise in pressure was due to “neutraliza- 
tion” of the callicrein by adrenaline (31, 32). Death occurred in hours in a 
•dog that showed little or no secondary rise in pi’essure after callicrein had de- 
creased it to 40 mm. Hg. 

Death resulting from the administration of callicrein was not the result of 
low blood pressure per se. In experiment 3, 160 units of calUcrein were infused 





524 


■WESTERFECD, T^^ISIGER, FERRIS AX'D HASTINGS 


over 45 minutes and during this time, the blood pressure fell below 80 mm. Hg- 
for onlj^ 20 to 25 minutes. However, enough damage was effected during this 
time so that without further treatment, the blood pressure fell slowly during the 
next SJ hours until death occm'red. 

In one experiment the ealUcrein was Mused through the lymphatics by can- 
nulation of a lymph yessel in the right popliteal space. The blood pressure re- 
sponse was a slow gradual faU over 1 hour from 150 to 60 mm. Hg, where it 
remained over 5 hours before accidental death; the precipitous pressure changes 
characteristic, of intravenous callicrein did not occur, but other effects (such as 
a bloody mucous fecal discharge) were obsen'ed. 

A pulse could not be detected in the femoral artery during callicrein admin- 
istration, either by palpation or by stethoscopic auscultation used in conjunc- 
tion ^Tith a blood pressure cuff. It often became detectable when the blood 
pressure rose during the secondaiy compen-sation periods, and it usually faded 
again as the pressure fell, "^^enous pressures were not measured directly, but 
it was noted that the superficial veins were collapsed, and it was difficult to 
obtain blood samples bj'' venipuncture. 

PwZsc pressure. Comparative measurements of the pulse pressure were made 
in some of the e.xperiments by tracings from a membrane manometer attached 
to the carotid cannula. TiTien the infusion of callicrein was first started the 
pulse pressure increased markedly, as expected from its characteristic action. 
However, it soon returned to the starting level even though the infusion was 
continued. Thereafter, changes in the pulse pressure were more or less parallel 
to the changes in mean arterial pressure; it gradually decreased as the blood 
pressure fell. 

Heart rate. The administration of callicrein to anesthetized or unanesthetized 
dogs was accompanied bj- a marked increase in the pulse rate (5), as deteimined 
by stethoscopic auscultation of the chest. For example, in one experiment the 
rate increased from the starting value of 125 beats per minute to 225 during the 
callicrein administration and then fell to 140 during the ne.xt two hours; a gradual 
increase to 240 preceded death in another two hours. Other dogs allowed simi- 
lar trends, though tlie exact figures varied. The pulse rate did not alwa 3 '-s de- 
crease appreciablj' after it had been speeded up bj^ the callicrein, and these dogs 
showed progressive increases to 200 to 240 beats per minute until death super- 
\'ened. 

Rectal temperature. Measurements of the rectal temperature by thennome- 
ter showed differences between anesthetized and unanesthetized dogs. The 
rectal temperature did not change appreciably after callicrein administration to 
anesthetized dogs; in some it fell slowly from 38.3° to 37.8° or 38° C. In un- 
anesthetized dogs, callicrein administration caused the rectal temperature to 
rise 1 to 2.5° from a starting value of about 39°C. (46). The increase started 
soon after callicrein administration and was progressive until death. 

Cardiac output and oxygen consumption. The cardiac output was deteimined 
in anesthetized dogs from the o.xygen consumption, as measured by a Benedict- 
Roth respirometer attached to a tracheal cannula, and arterial-mixed venous 
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blood oxygen differences determined bj’’ Van Sl 3 ''ke analysis (56). Arterial 
blood samples were taken from the femoral arteiy, and mixed venous blood 
samples were taken from a catheter inserted into the right heart through the 
jugular vein; all blood samples were collected under oil and analyzed imme- 
diately. 

Pigine 2 shows -the rapid and very marked decrease in cardiac output that 
occmTed when callicrein was administered. A measurement 1 horn- after the 
callicrein injection usually gave values around 400 cc. per minute. The cardiac 
output remained at a low level until death, although a slight secondaiy im- 
provement was observed about the third hour; this probably corresponded to 
the temporary improvement in well-being noted in the unanesthetized dogs. 
Blood pressure was not a rehable criterion of the cardiac output when the pre- 
sure was liigh, but a small cardiac output was always found when the blood 
pressure was very low. Inadequate cardiac output seemed to be the fundamen- 
tal factor responsible for the development of progressive anoxia and ultimate 
death. 

The oxygen consumption (fig. 2) was also decreased bj’’ callicrein; the changes 
w'ere roughly parallel to the cardiac output, but proportionally less marked 
and somewhat more erratic. A change in oxj’-gen consumption is usuallj’’ con-- 
sidered to be a reflection of a change in the metabolic rate; tliis is based upon 
the assumptions that the respiratoiy quotient does not change appreciably and 
that the oxygen delivered to the tissues is adequate to suppl}’’ the metabolic 
needs. The decreased oxygen consumption in shock maj’' be another indication 
of the inadequate cardiac output rather than a decreased metabolism by the 
tissues. The accumulation of fixed acids in the -blood during shock lends sup- 
port to this interpretation b 3 '' indicating that a portion of the metabolism has 
become anaerobic. 

Post Mortem Findings. Autopsy of the dogs after callicrein death showed 
several ' gross changes that appeared to be the dhect or indirect result of cal- 
licrem action. The mesenteric blood vessels were engox’ged with dark blood and 
stood out prominently. The peritoneal cavity was very wet if any large amount 
of saline had been given to the dog. The spleen was contracted and hard. The 
intestinal veins were hyperemic (22), and infiltration of blood into the lumen of 
the intestine was visible especially in the duodenum. The stomach was often 
bloated with gas. Edema of the lungs Avas observed in only one dog that sur- 
vived 48 hours before death. 

Changes in Blood Constituents. Red cell concentration. One of the first 
.changes observed in the blood after callicrein administration was a marked 
hemoconcentration. This AA'as observed by a, direct measurement by hemato- 
crit; 6, red blood cell count, or c, determination of the hemqglobin concen- 
tration of the blood. T 3 ’pical results obtained by direct measurement are 
. illustrated in figure 3 for normal and splenectomized dogs. The major part 
of the hematocrit change occurred vithrn one hour of the start of callicrein admin- 
istration, though it often continued to increase for many hours. Hematocrits 
changed 10 to 15 points in the noimal unanesthetized dog given callicrein, and 10 
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to 20 points in the anesthetized dog; the nembutal anesthesia alone caused a fall of 
3 to 5 points in the hematocrit before the callicrein was administered. A large 
part of this hemoconcentration was due to contraction of the spleen, since the 
hematocrit values in splenectomized anirnals increased only 1 to 8 points. Some 
cells were also contributed by hematopoietic sites, since nucleated red cells ap- 
peared in the blood stream after callicrein. The introduction of new cells 
into the circulation is a well knonm response to anoxia. Plasma loss was a 
third factor responsible for the hemoconcentration. 

Plasma volume. Plasma volumes were measured by the Evans Blue dilution 
method (57) ; corrections for hemolysis were made in reading the dye concentra- 
tion in the serum samples. Because of the delayed mixing time of the dye with 



Fig. 3 Ij'jg- 4 

Fig. 3. Hematocrit changes folloTsing callicrein administration. 

Callicrein injections were started at the arrow indicating 0 time. Each line has been 
extended to the time of death . No. 3 and no. 5 received nembutal at the points indicated by 
the small arrows. No. 1 and no. 2 received nembutal prior to removal of the first blood 
sample. Breaks in the curves for no. 40 and no. 41 indicate a lapse of 15 and 13.5 hours, 
respectively, and the small arrows following the breaks indicate the administration of addi- 
tional callicrein. 

Fig. 4. Blood volume change during callicrein shock. 

Entire column = total circulating blood volume; shaded area = red blood cells; open 
area = plasma; figures within respective areas give volumes in ml. 0 time sample — contro 
before callicrein. 


the serum after the administration of callicrein, an inteiwal of 15 to 20 minutes 
was allowed to elapse after the dye injection and before the first blood sample 
was taken. Seven samples were taken at 4-minute intervals thereafter to ob- 
tain the rate of disappearance of the dye; this rate was increased after callicrein 
administration. Total blood volumes were calculated from the hematocrit and 
plasma %-oIume data. 

The changes in plasma and red cell volumes for several normal and splen- 
ectomized dogs are illustrated in figure 4. An apparent loss of plasma is evident 
in all these experiments. The plasma volume at the time of the last measure- 
ment was about 30 per cent less than the original; the amount lost between the 
time of the last measurement and death is unknown. Dog 46 received a trans- 
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fusion of 250 cc. dog seram 4 hours after the callicrein, and 2 hours later a mea- 
surement showed the presence of 225 cc^ more plasma than was present at the 
preceding measurement. Subsequent deteiminations showed a continued loss 
of plasma. 

Comparison of the red blood cell volumes shows the difference between nor- 
mal and splenectomizcd dogs to be expected from the introduction of cells into 
the circulating volume by contraction of the spleen. Another effect is evident — 
i.e., the loss of cells from the circulation, possibly due to entrapment in the cap- 
illaries. This latter effect is most clearly seen in the splenectomized dogs where 
losses of 30 per cent of the original cells occurred. Loss of both plasma and 
cells contributed to the steadily decreasing total blood volume in splenecto- 
mized dogs. 

In the normal dogs, the circulating red ceU volume was affected bj’’ the two 
opposing forces: a, an increase by contraction of the spleen, and b, a decrease 
by loss of cells. Depending primarily'' upon the time of measurement, there was 
either an increase or a decrease in the red cell volume. In most of the normal 
dogs the red cell volume first increased as the spleen contracted, and then grad- 
ually decreased as cells were lost from circulation. The total circulating blood 
volume varied similarly; loss of plasma did not prevent some initial increase in 
volume, but did contribute to the later decrease. 

There is no assurance that this loss of plasma actuallj' represents a leakage 
from the blood stream. This method of determining plasma volume is open to 
serious error when applied in .shock unless the delayed mixing time is recognized 
and allowed for in the determination. The mixing time is not clearl}’’ demarked 
in shock as it is in the normal animal, and such errors in measurement give false 
low values for the plasma volume. Moreover, the method determines onb’’ 
chculating plasma, and any plasma immobilized by stagnation would not be 
measured. A tremendous decrease in the rate of chculation through certain 
capillaries would be tantamount to stagnation as far as these measurements are 
concerned. In view of the apparent loss of red cells from the circulation, this 
latter possibility is not to be ignored. 

Blood oxygenation. The degree of saturation of the blood vdth oxygen was 
calculated from the oxj'-gen content (Van Slyke analysis) and the oxygen capacit}' 
calculated from the hemoglobin concentration (determined as alkahne hematin) 

- (58) . The latter value was occasionallj'- checked bj'' direct Van Slj’'ke analysis 
of a sample saturated vnth oxygen. 

Arterial blood. In two experiments, the ox^’^gen saturation of the carotid or 
femoral arterial blood was determined thi’oughout the experiment until death 
(6-9 hrs.). In each experiment, the hematocrit and oxygen capacity of the 
blood increased appreciably after the callicrein, but the percentage saturation 
of the arterial blood did not change although the saturation of the mixed venous 
blood decreased. 

Venous blood. The degree of oxygenation of the venous blood appeared to 
be the best single criterion for estimating the condition of the animal, since it 
reflected the failing cardiac output and the approach of respiratory failure. The 
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cardiac output was actually decreased more than was indicated by the venous 
oxygen saturation, since the hematocrit increased and the oxygen consumption 
decreased after callicrein. 

Figure 5 shows the changes in venous oxj^gen content, capacity and percent- 
age saturation for two typical callicrein experiments. The increased hemato- 
crit is reflected in the increased oxygen capacity. Those dogs that died within 
3 to 7 hours showed a sharp decrease in the percentage saturation 1 hour after 
,the callicrein and then a more gradual decrease until death. Dogs that sur- 
vived for longer periods of time showed a secondar}’- rise in percentage satura- 
tion before the terminal decline. The venous ox 3 ’'gen saturation was always 



Fig. 5 Fig. 6 Fig. 7 

Fig. 5. Changes in oxygenation of the venous blood during callicrein shock. 

Shaded area = o.xygen content; entire column == o.xygen capacity; figure within column 
is percentage saturation; 0 time sample = control before callicrein. Last samples were 
premortal. 

Fig. 6. The increase of fixed acids in the blood during callicrein shock. Details of the 
experiments are given in table 1. 

Fig, 7. Changes in some blood constituents after callicrein. 

No. 29 — Callicrein was given at the arrow. The last blood sample at hours was pre- 
mortal. Glucose, N.P.N. and creatine were determined on the separated serum; inorganic 
phosphate was determined on whole blood. 


verj' low at the time of death, and there could be little doubt that the respira- 
tory failure, which was the immediate cause of death, was due to anoxia. Al- 
though some of the dogs showed terminal signs when the venous saturation 
was ai'ound 15 per cent, most of them did not fail until the venous saturation 
fell to Jess than 6 per cent. 

Acid-hose balance. A ver}^ intense acidosis due to fixed acid excess usuaUj' 
appeared during the development of callicrein shock (48). In some cases this 
was severe enough to be incompatible T^dth life; in others the acidosis was a 
complicating factor. The acidosis appeared to be the I'esult of the anoxia that 
de’i'eloped from the inadequate cardiac output. A few measurements of blood 
lactic acid indicated that more than half of the fixed acid entering the blood 
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stream was lactate. .Noimal liver function would be essential for rapid re- 
moval of this acid. 

Whole blood CO 2 was determined by the usual Van Slj’-ke analysis (56). 
Blood samples were withdrawn under oil from the jugular vein or from the vena 
cava via a jugular cannula and anatyzed immediately. pH was determined bj’’ 
a Claff modification of the Macinnes-Dole glass electrode (59) except that in 
expeiiment 13, it was measured coloilmetrically; the' values were corrected to 
bodj'' temperature (60). Data from four e.xperiments are recorded in table 1, 
and from these data the increases in fixed acid entering the blood dm’ing cal- 
licrein shock were calculated and plotted in figure 6. 


TABLE 1 

Acidosis in callicrein shock 


EXP. no. 

HOURS AFTER 
CALLICREIN 

pH 

HEMATOCRIT 

OXYGEN 

CONTENT 

OXYGEN 

CAPAcrry 

WOLE BLOOD 
TOTAL CO2 

27 

0 

7.45 

per cent 

47 

millL 

7.28 

vtU/L 

9.58 

' mil/L 

20.9 


1-1 

7.35 

60 

3.95 

11.6 

16.2 


4^ 

7.21 

61 

7.70 

12.2 

12.8 


6 

6.91 

68 

• 0.75 

13.2 

16.2 

32 

0 


52 

6.06 

10.7 

20.5 


2i 


74 

2.48 

14.6 

15.1 


4 

7.01 

77 

0.88 

15.2 

15.6 

24 

1 

0 



5.24 


24.8 


1 

7.12 

69 

5.14 

■^1 

16.5 


2i 

7.14 

67 

3.55 


17.7 



7.05 

71 

1.6 

13.7 

18.7 

13 

0 

7.42 

60 

9.72 

12.5 



2i 

7.29 

74 

7.52 

15.3 



. 

7.23 

74 

4.01 

15.4 



The last sample was premortal ,in nos. 27, 32 and 24. Dog 13 died one hour after the 
last sample. 


Calculation of fixed acid change. The degree of metabolic acidosis in terms of 
millimols of fixed acid per liter of blood has been calculated from the analyses 
of the blood before and at various intervals after callicrein administration. 
The term “fixed acid change” is retained, although actually the calculation used 
gives one the change in total available base and includes not only the increase 
in circulating fixed acids, such as lactic acid, but any decrease in fixed base which 
maj’’ have occurred. 

The calculations used are listed below: 

(1) The whole blood bicarbonate of each sample of blood was calculated 
from the pH and (C02)b using the Henderson-Hasselbalch equation and the 
appropriate pK. 
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(2) The "fixed acid change” in milliequivalents per liter 

AA - (HC03)bi - (HC03)bx where 

A A = "fixed acid change” 

(HC03)bi = blood bicarbonate of initial sample, and 

(HG03)bx" = blood bicarbonate of subsequent sample corrected for pH 
change, hematocrit change and degree of oxygenation change, according to the 
equation ^ 

(HCOs)?,^ = (HC03)bx 4- A(HC03)P - A(HC03)g^ - A(HC03)g=' 

(3) The blood bicarbonate, (HC03)bx, of each subsequent sample -was cor- 
rected to what it would have been if the blood had had a hematocrit value 
equal to that of the initial sample. 

The equation used for this calculation was: 

A(HCOa)r = (HCOa)b, - l) + (HCOj)„ f 1 - 

where 

A(HC03)?* = correction to be added to (HC03)bx as determined, to allow for ’ 
change in hematocrit. 

(HC03)bx == blood bicarbonate obtained from COa analyses and pH. 

(HCOsIbx = serum bicarbonate obtained from whole blood COa, pH, hema- 
tocrit, and degree of oxygenation determinations, and the application of the 
'\"'an Slyke and Sendro}'' line chart (61). 

Vex — the hematocrit of the blood sample to be corrected. 

Vci = the hematocrit of the initial blood sample. 

(4) The blood bicarbonate was then corrected to the value it woidd have 
had at the pH of the initial sample of blood, by means of the equation (62) 

A(HC03)b^'^ = (8.2 -f 2.3(Hb).] X ApH, where 

(HCOs)?^ = coirection to be subtracted from (HC03)bx to allow for change 
in pH. 

HId.c = total hemoglobin concentration in mM/L in sample to be corrected. 

ApH = difference between initial pH and pH of subsequent sample. 

(5) Finallj', the blood bicarbonate was corrected to the value it would have 
had if the blood had been oxygenated to the same degree as the initial sample, 
b}' the equation (63): 

A(HC03)g* = 0.7 X X - OjContJ 

where 

A(HC03)b‘ = coirection to be subtracted from (HC03)bx to allow for change 
in ox3''genation of blood. 

02Cont = oxygen content in mM/L of blood sample to be corrected (x) and 
initial .sample (1). 

OaCap = oxygen capacitj' in mIM/L of blood sample to be corrected (x) and 
initial sample (1). 
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The blood pH usually fell to very lov levels duiiiig the development of calli- ■ 
crein shock, and many premortal samples were below pH 7. Blood COo also 
decreased, as showm in table 1, but neither of these changes illustrate the extent 
of the acidosis as adequately as the fixed acid increase shown in figure 6. From 
15 to 30 mEq. of excess acid were present in each liter of blood. In two other 
experiments, not shown in figure 6, the increase was also about 30 mEq. per 
liter. 

Organic and inorganic constiiuenis. Changes in several organic and inorganic 
constituents of the blood were determined in a series of 6 dogs. There were no 
apparent differences in these values between anesthetized and unanesthetized 
dogs. Glucose (64), non-protem nitrogen (65), creatine plus creatinine (66), 
and chloride analyses were earned out on tungstic acid filtrates of the serum. 
Chloride was determined by a potentiometric titration vdth silver nitrate. In- 
organic phosphate (67) was determined in a trichloracetic acid filtrate of whole 
blood. Figure 7 shows the changes in these constituents in a tyiiical experiment; 
these changes do not appear to be fundamental in the development of shock, 
nor do thej'' bear any consistent relationship to the condition of the animal or ' 
the other aspects of the shock syndrome. 

Glucose. Within 1 hour of the callicrein administration, the blood glucose 
was elevated in all dogs; in some it reached values above 200 mgm. per cent. 
Thereafter it usually fell until death supervened, and when the animal died 
rapidly the glucose level usually was still elevated; in experiments lasting 6 hours 
or more the final value was approximately 60 mgm. per center less. The initial 
increase in blood glucose after callicrein was probably due to the glycogenolysis 
caused by release of adrenaline (31). 

N.P.N. The serum j^.P.N. was increased by callicrein in a .slow gradual 
manner. The finaTlevels reached depended upon the starting value and the 
duration of the experiment. Two alternative explanations for the increased 
N.P.N. are ob^dous: a, increased ti.ssue destruction, and b, loss of kidney func- 
tion. The latter possibility is probable because of the apparent cessation of 
urine flow. 

Creatine' plus creatinine. The increase in the total creatine plus creatinine 
observed after callicrein was due in part to creatinine, but the major part of the 
increase was due to creatine. The increase was usually rather marked vithin 
one hour of the callicrein administration, and then remained stationary for 
several hours or tell slightly. Another rise occurred before death, and the final 
values were 2 or 3 times higher than the starting level. These changes in crea- 
tine and ci’eatinine may reflect an anoxic breakdown of creature phosphate. 

Inorganic phosphate. Inorganic phosphate was increased at the time of death. 
In some animals, the starting value was doubled; in others, the increase was very 
much more marked, as shovm in figure 7. The phosphate increased gradually 
thi’oughout the experiment in some dogs; in others, it remained fairly constant 
until an hour or so before death and then increased sharply. 

Serum chloride. The changes in serum chloride after callicrein were irregular 
and small. It usually rose vuthin 1 hour of the callicrein (2-6 mEq. per liter) 
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and then fell gradual!}', so that at the time of death it might be elevated (short 
survival) or decreased from the starting level. 

Blood cell counts. Red and white cell counts were made in the customar}' 
manner in a counting chamber; the white cells were differentiated with the aid 
of Wright’s stain. The results obtained in some of the experiments are shown 
in table 2. The red cells increased after callicrein administration and closely 
paralleled the change in hematocrit and hemoglobin concentration. The changes 
were not identical, since after the callicrein there appeared to be a slight increase 
in the mean cell volume and a slight decrease in the mean corpuscular hemo- 
globin concentration. Due to these latter effects, the hematocrit calculated 
from the hemoglobin concentration w'as several points low'er than the obsen'ed 
hematocrit. 

Callicrein caused a marked leucopenia followed by a leucocj'tosis (52) (48). 
Most of the animals died during the leucopenia and before the leucocytosis could 
be established, so that the latter changes are best observed in those dogs that 
survived the callicrein treatment. Nucleated red cells appeared in the blood 
after callicrein, and with this exception all the other cell types decreased dui-ing 
the leucopenia. The subsequent leucocj'tosis was made up almost entirel}' of 
polymorphonuclear cells, while the other cell t 3 'pes remained below' normal. 
There w'ere no apparent differences in the white cell response betw'een normal 
and splenectomized dogs or after nembutal anesthesia. 

Hemolysis curves. A number of hemolysis curves w'ere run on blood samples 
removed before and during the development of callicrein .shock to see if any 
midence could be obtained of damage to the most accessible cellular membrane, 
i.e., the red blood cell. The hemolysis curves were run in progressive dilutions 
of buffered saline, and the degree of hemolysis was read in a photoelectric color- 
imeter by comparison with a completely hemolyzed sample. There was no 
consistent or appreciable amount of hemob'sis in vivo, and most of the hemolysis 
cuiwes ran in vitro showed no significant change after the callicrein administra- 
tion. A few showed some slight increase in fragility of doubtful significance. 

Blood coagulation. Changes in the clotting time of the blood were not ob- 
serv'ed regularly, but in many experiments during the later stages of callicrein 
shock the clotting time was prolonged. In these cases, the blood samples 
remained fluid for a long time after small clots could be seen adliering to the 
w'alls of the tube. One sample, for example, remained fluid for more than 1.5 
hours. 

CoutroU With Inactivated Callicrein. The use of impure callicrein in these 
experiments leaves uncertain the question of whether all the effects observed 
were due to callicrein or whether some effects w'ere due to accompan 5 'ing im- 
purities. The main effect — i.e., the production of shock and death, was con- 
trolled by the administration of preparations in w'hich 200 units of callicrein were 
inactivated either by boiling, acidification, or by incubation w'ith callicrein 
inactivator. None of the procedures w'ere effective in completely abolishing 
the hypotensive effect of the injected material on the blood pressure, but none 
of the animals injected with the inactivated preparatioas developed shock or 
died. 
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TABLE 2 


Changes in blood cell counts after callicrein administration 



CELL TYPE 

HOCKS AVTER CAUJCREIN ADHDnSTRATIOS 

Control 

0 

1 

21 

41 * 


24 

Red blood cells 

White blood cells 

Polymorphonuclear 

Lymphocytes 

Monocytes 

Eosinophils 

Basophils 

ISTueleated r.b.c. 

per wim.s 

8.13 

7,000 

5,360 

736 

140 

630 

70 

0 

per nm? 

10.69 

1,950 

390 
1,238 
' 117 

39 

0 

263 

per mm? 

10.40 

1,200 

456 

468 

12 

ISO 

0 

246 

per mm? 

12.36 

3,350 

2,560 

388 

50 

251 

0 

100 


29 

Red blood cells 

White blood cells 

Polymorphonuclear 

Lymphocytes 

Monocytes 

Eosinophils 

Basophils 

Nucleated r.b.c. 

0 

1 

31 

41 * 

1 

7.50 

5,000 

3,600 

975 

250 

175 

0 

0 

8.74 

3,150 

1,640 

1,136 

95 

63 

16 

225 

10.58 

4,200 

3,050 

613 

21 

275 

0 

210 

11.43 

4,000 

3,050 

560 

100 

120 

0 

200 

31 

Red blood cells 

White blood cells 

Polymorphonuclear 

Lymphocytes 

Monocytes 

Eosinophils 

Basophils 

Nucleated r.b.c. 

0 

21 

51 

8} 

12 

5.56 

6,850 1 

3,630 

1,300 

100 

1,920 

0 

0 

6.61 

4,350 

3,450 

545 

44 
t 217 

0 

87 

7.30 

17,200 

16,630 

344 

0 

86 

0 

120 

7.01 

22,150 

21,500 

310 

89 

89 

0 

135 

5.05 

31,800 

31,200 

480 

0 

0 

0 

70 

40 

> 

Red blood cells 

White blood cells 

Polymorphonuclear 

Lymphocytes 

Monocytes 

Eosinophils 

Basophils 

Nucleated r.b.c. 

0 

2i 

5 

9 

- 

5.04 

5,800 

4,240 

1,340 

58 

174 

0 

0 

5.45 

2,900 

2,260 

522 

14 

43 

14 

334 

7.900 

6.900 

630 

0 

158 
' 0 

276 

6.13 

17,600 

16,800 

352 

88 

176 

0 

176 


* Premortal samples. 

Red cells are given in millions per mm®. 
Dogs 31 and 40 survived. 


Heat inactivation was carried out in boiling water for 20 to -30 minutes after 
slightly acidifying the preparation with HCl to Congo red. Upon intravenous 
administration of the heat treated material to an anesthetized dog (no. 11), the 
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blood pressure slo-ri-y fell about 25 mm. Hg and then returned to the starting 
level within 1 hour. Wlien given to an unanesthetized dog (no. 17), there was 
vomiting, retelling, defecation and an increased hematocrit from 46 to 60, but 
the venous oxygen saturation remained above 50 per cent throughout and the 
dog survived without the development of shock (sacrificed 11 days later), 

A preparation of 200 units of callicrein that w’as dialyzed vs. several changes 
of 0.01 N HCl for 3 days at room temperature and then ranning H 2 O for 3 days, 
W'as injected into an anesthetized dog (no. 21), The blood pressure fell during 
the injection from 120 to 50, but soon returned to 90—110 where it remained 
for twelve hours before the animal was sacrificed. The hematocrit increased 
from 38 per cent cells to 60 per cent as a result of the treatment, but shock did 
not develop. The dialysate recovered from the 0.01 N HCl by neutralization 
and concentration in vacuo had no effect on the blood pressure, pH, or hema- 
tocrit, nor did it cause shock. 

When 200 units of callicrein w'ere first incubated in vitro with a slight excess 
of the spleen inactivator (25) and then administered intravenously to an anes- 
thetized dog, shock did not develop. In one dog, the blood pressure did not 
fall more than 10 mm. Hg, wlfile in another it fell slowly from 140 to 80 dining 
the injection and then rapidly returned to 110. Both dogs showed noimal sen- 
.sitivity to 1 unit test doses of callicrein. 

The complete interpretation of these expeiiments with inactivated callicrein 
must await the collection of more data. Since shock and death did not develop 
when the callicrein was first incubated with the spleen inactivator, it is probable 
that the major effects were due to callicrein, and not to impurities since the same 
impurities w’ere present in the inactivated preparations. 

An interesting point is the apparent separation of the lethal effect from the 
effect on the intestinal tract by treatment with dilute acid or heat. These in- 
activated preparations were still quite effective in causing vomiting, intestinal 
contractions, and increased hematocrit, even though they w'ere not lethal. The 
evidence in the literature implicates callicrein as the indirect cause of the intes- 
tinal effects, and these experiments therefore appear to show a separation of 
callicrein effects. 

Changes in surviving dogs. As noted pre\aously, some of the unanesthetized 
dogs recovered from the effects of the usual dose of 200 units callicrein, and some 
anesthetized dogs recovered from .smaller doses. Actually, the callicrein effects 
were very .slight in those dogs that recovered. The cardiac output was either 
relatively unaffected, or it rapidly returned to normal levels after an initial de- 
pression. Anoxia did not develop, and the amount of fixed acid entering the 
blood was slight (2-4 mEq, per liter). The initial fall in blood pressure was 
.similar in all dogs, but in those that recovered the pressure returned to levels 
about 90 mm. Hg and remained there until the experiment was teiminated. 
The rectal temperature w’a,s first elevated by the callicrein, but returned to 
normal within a few' hours. The intestinal contractions were usually le=is in- 
tense, and vomiting did not always occur in those dogs that recovered. Hema- 
tocrit change; were small (increased 0-5 points). In some dogs that recovered, 
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the plasma volume unaffected; in others, it fell 20 to 25 per cent and re- 
mained there for at least 24 hours. The factors responsible for the variations 
in sensitmty to callicrein are unknowm, 

AU{;?npfs io Reverse the Effects of Callicrein. None of the procedures tested 
■succeeded in preventing death after the administration of callicrein. 

Plasma. Callicrein shock vas “irreversible” in the sense that plasma did not 
prevent death -u^hen relativelj’' large amounts -were given vdthin one hour of the 
callicrein administration; howe^'^er, the plasma ma}’’ have been effective in pro- 
longing the life of the animal. Only small and temporaiy increases in the blood 
pressure (5-10 mm. Hg) followed administration of the serum or plasma, but 
without producing any marked improvement in the venous oxj’-gen saturation. 
The results of an experiment of this tj^ie are presented in table 3. 

TABLE 3 ' 

Exajnple of the ineffectiveness of plasma m callicrein shock 


Expt. 43 — 8.5 kgm. male dog — nembutal anesthesia. 
Blood samples from catheter into vena cava. 


TJlEATirEKT 

HOURS ATTER 
CALLICREIN 

ARTERIAL BLOOD 
PRESSURE 

HEMATOCRIT 

VENOUS 0 ; PER 
CENT SATURATED 



mm. Sg 

per cent 


Normal blood sample after 


145 

44 

74 

anesthesia and cannulation 





200 units callicrein during 





20 minutes 

0 





1 

SO 

56 

4S 

200 cc. normal dog serum 

1 





2 

90 

46 

49 


6 

75 

50 

41 


9.5 

70 

50 

43 


11.5 

65 

50 

41 


12.5* 

45 

50 

14 


* Premortal sample. 


’ Others. Large amounts of intravenous glucose (40 grams) had onlj'- a slight 
effect on the blood pressure, but increased the venous oxygen saturation very 
markedly — e.g., from 30 per cent saturation to 70 per cent saturation. The 
effect disappeared ■\^ithin 30 to 45 minutes. 

’ Intravenous saline or sodium bicarbonate had little or no effect on the blood 
pressure or the condition of the animal. Tyramine, pituitrin and adrenaline 
w'ere less effective in increasing the blood pressure after callicrein and w^ere of 
no permanent value in reversing the syndrome. Sodium glj'-ceroylpolysuc- 
cinate® -was the most effective substance tried in producing a sustained rise in 
the blood pressure. Under conditions in which plasma had very little effect on the 
blood pressure, one gram intravenously raised the pressure 35 to 40 mm. Hg. 

’ A high molecular-veight polymer of glycerol and succinic acid developed by Prof. H. 
T. Clarke of Columbia University. 
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It did not prevent an eventual deterioration of the animal, and it was ineffective 
during the later stages of caliicrein shock. 

Detection of a Shock “Toxin” in Blood. The many failures to obtain evidence 
for the presence of a toxin in the blood of animals in shock has often been inter- 
preted as evidence against the theoiy that toxic materials are liberated in shock. 
Several experiments were, therefore, carried out to determine if caliicrein could 
be detected in the blood after a lethal dose had been ^ven intravenously. Trans- 
fusion of serum from a dog that had received caliicrein into a noimal dog, or the 
replacement of part of the blood of a noimal dog with blood from a dog that had 
received caliicrein was rvithout effect on the recipient, even though the donor 
w^ould have died from the effects of the administered caliicrein. An experiment 
of this type is desciibed belorv. 

A dog rveighing 19 kgm. w'as anesthetized and injected with 200 units calii- 
crein that caused the usual changes in the blood pressure. One-half hour later, 
800 ce. blood w^ere collected into citrate from the carotid arteiy. This blood 


TABLE 4 

Blood findings in a recipient dog after partial replacement of the normal blood with blood from 

a dog that had received caliicrein 


HOUKS atter blood j 
TRANSrUSrOK 1 

BLOOD BRrSSURE 

pH 

nEMATOCRlT 

XXNODS PER 

CENT SATURATED 


mm. Og 

i 

fa- cent 


H- 

100 

7.18 

54 

76 

3i 

130 i 

7.23 

55 

74 


no 

7.17. 

59 

88 

7 

no 

7.22 

55 

76 

n 

no 

200 units caliicrein administered 

10 

60 

! 6.92 

69 

40 

lOi* 

20 

6.88 

1 

72 

4 


* Premortal sample. 

Expt. IS— 22 kgm, female; nembutal anesthesia; blood samples from catheter into 
vena cava. 


was transfused into a second dog that had been prepared by the rapid removal 
of GOO cc, blood 15 minutes before the transfusion w^as started. The blood pres- 
.sure of the recipient dog %vas 170 at the start of the experiment, 70 after the 
hemorrhage and 120 at the end of the transfusion. Blood analysis during the 
nc.xt 7 hours after the transfusion (table 4) showed none of the usual caliicrein 
effects. The injection of 200 units caliicrein then produced the usual calii- 
crein changes in the blood and death in 3-J- hours, and demonstrated that the 
recipient dog was not unduly resistant to caliicrein. It is concluded that if a 
toxin of the caliicrein tjqie were liberated in shock, it could not be detected by 
this type of experiment. 

Discussion. Some of the effects that caliicrein produces can be correlated 
and explained. The effects of vomiting and defecation are likely due to the sub- 
stance “UK” formed by the reaction of caliicrein with a substance in the blood 
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senim (34, 35) ; contraction of the spleen is probably due to the same factor. It 
is possible that many of the other effects observed with callicrein are, in reahty, 
■ due to this smaller molecule of unknovTi composition formed secondarily. 
•Adi’enaline ehcitation would seem to be responsible for some of the secondarj’- 
blood pressure changes and for the increased blood glucose. The reduction of 
the cardiac output by callicrein is believed to be the forerunner of other changes, 
such as increased pulse, faihng blood pressure, anoxia, and acidosis. The aci- 
dosis would tend to perpetuate and intensifj’’ the callicrein effects since it Avould 
liberate free callicrein from the bound form in blood. 

If callicrein acts through some chemical action of an enz 3 Tnatic character, 
the natm'e of the latter has escaped observation. The blood anatyses tmnished 
no obvious clue to any specific callicrein action. In vitro tests showed that 
callicrein was devoid of hyaluronidase activity, since it did not liquefy synovial 
fluid mucin'*. Nor did it attack lecitlrin to form either lysolecithin (in the man- 
ner of snake venoms), or phosphocholine (as does the toxin from C. iveMvii). 

The general siinilaiit 3 ’' in many respects of callicrein shock to other t 3 q)es of 
shock is apparent. A detailed comparison is difficult because of the many 
variables of e.xperimental technique introduced with a variety of shock-producing 
methods. The duration of the experiment and the amoimt of blood lost would 
appear to be important considerations in any such comparison. A difference 
between callicrein and clinical shock that might prove to be important is the 
increased rectal temperature following callicrein administrations; this may be a 
genuine callicrein effect, but a pyrogenic response from the crude preparations 
used in these studies must remain of doubtful significance until confiimed with 
pme callicrein. 

This work was undertaken in the belief that callicrein might be involved in 
the production of shock by trauma, etc. The evidence herein presented shoves 
that callicrein Avill reproduce the many features of the shock syndrome, includ- 
ing decreased cardiac output, increased pulse rate, failing blood pressure, anoxia 
and acidosis, increased hematocrit, decreased plasma volume, and even the in- 
testinal effects of vomiting, defecation and bloody dian-hea. The available 
evidence does not peimit a conclusion regarding the relationship of callicrein to 
clinical shock, except that it is of possible etiological significance. 

There are undoubtedl 3 ’' many chemical substances, such as histamine, bacte- 
rial toxins, etc., that will produce a shock-filce syndrome upon adm in istration. 
In fact, most of the changes obseiwed in shock -svill result from any procedure 
that reduces the cardiac output below the minimum required for adequate 
oxygenation of the tissues; the many varied methods of producing shock appear 
to have in common this fundamental effect. Callicrein is unique among the 
many chemical toxins since it is normally present in mammalian blood in rel- 
atively large amounts, and the release of only a fraction of this bound foim would, 
be required to produce shock and death. 

There are theoretically rivo possible mechanisms whereby the blood callicrein 
could be activated — ^i.e., a, by proteolytic destruction of the inactivator, or 

^ Tested by Dr. Marian W. Ropes of Harvard University. 
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h, bj" production of an acidosis to shift the caliicrein-inactivator equilibrium in 
favor of the active form. One of the methods for producing shock depends upon 
tying off the circulation to one or more limbs for a protracted period of time. 
Conditions which favor, the accumulation of large amounts of acid during this 
anaerobiosis also favor the production of shock. With a return of blood flow 
to these areas, the severe localized acidosis could liberate free callicrein from the 
bound form in the blood. The resulting vasodilatation, plasma loss and edema 
would remain largely localized so long as the acid entering the blood stream could 
be adequately buffered or metabolized in other parts of the body. However, 
a severe plasma loss into the injured area would soon lead to a decreased cardiac 
output and an ensuing generalized anoxia and acidosis. Widespread callicrein 
effects could be expected whenever the acidosis became generalized as a result of 
, excessive acid production, decreased liver function, or a combination of such 
factors. 

A t 3 TDe of shock in which additional callicrein may be introduced into the blood 
stream Ls produced b}-- intestinal trauma. There are large amounts of free 
callicrein in the intestinal tract, and the absorption of some of this into the 
blood stream as a result of trauma could readily account for the shock produced 
by this method. 

. The normal physiological role of callicrein is unknown. The caliicrein- 
inactivator equilibrium could aid in the regulation of the blood supplj' to anoxic 
tissues as a result of the concomitant acidosis and liberation of free callicrein. 
The hypertensive effect of the callicrein inactivator (25) supports other endence 
indicating that some free callicrein normalbv exists in blood (4). Much larger 
amounts of the inactive complex as well as an excess of the inactivator complete 
an equilibrium .system that is sensitive to changes in pH (8, 10, 26). If this 
S 3 "stem exists and operates as suggested, then severe acidosis should produce 
callicrein shock; actually the clinical findings in the acidosis of diabetic coma are 
strikingly similar to callicrein shock. An 3 ' other mechanism for the cause of 
death in acidosis is not apparent, and it is significant that the pH within the 
cells is quite resistant to change (68). 

SUM.MARV 

The intravenous administration of 200 units of callicrein (60 mgm.) to dogs 
- caused irreversible .shock and deatii, usually in 4.0 to 7.5 hours. The mean 
arterial blood pressure fell precipitous^ during callicrein administration, par- 
tially recovered, and later failed gradualb' until death. The pulse increased to 
•200-240 beats per minute. The cardiac output was decreased rapidb’ and to 
ver 3 " low values; the oxygen consumption was changed similarly but to a lesser 
degree. 

At autopsy there was a contracted spleen, engorged mesenteric vessels, hyper- 
emic intestinal veins and infiltration of blood into the lumen of the intestines. 

• Callicrein caused a heraoconcentration of 10 to 20 points in normal dogs and 
onh' 1 to 8 points in splenectomizcd dogs. About 30 per cent of both the plasma 
and red cells were lost from the circulating blood. 
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The arterial blood remained normally oxygenated after callicrein, but the 
venous blood became progressively unsaturated until death resulted from re- 
spiratoiy failure, intense acidosis developed; the blood pH fell below 7, and 
the feed acid increased 15 to 30 m. eq. per liter. 

The preparation of callicrein used increased the blood glucose, N.P.N., crea- 
tine, and inorganic phosphate. A marked initial leucopenia was followed by 
a Ieucoc 3 ’'tosis. 

Callicrein could not be detected in an active fonn in the blood after the ad- 
ministration of a lethal dose. 
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At least two different substances occur in mammalian tissues that have the 
common property of destroying the hypotensive effect of callicrein. One of these 
occurs in the blood plasma (1, 2), while the other is present in lymph nodes (3), 
cattle spleen (3) and muscle (4). These two callicrein inactivators have 
quite different physical and chemical properties; the serum inactivator is 
readil}'- destroyed by treatment vdth acid, alcohol or by heating to 58° for 45 
minutes (1, 2), while the glandular inactivator is unaffected by such treatment 

(2) . Papain digestion destroys the serum inactivator but not the glandular 
product (2); tryptic digestion destroys both (3). The two substances also differ 
in their ability to inactivate dog callicrein (5), and treatment with acetone splits 
only the inactive complex obtained with the serum inactivator (6). 

The presence of either one of these callicrein inactivators can be demonstrated 
by incubating a buffered callicrein solution of known potency with the inactiva- 
tor and then testing for the usual h3q3otensive effect of the callicrein upon in- 
travenous injection. One unit of inactivator has been defined as the amount 
which will inactivate one unit of callicrein in one hour of incubation at 37° in 
bicarbonate buffer, pH 8 (3). Control of the pH is most important since the 
degree of inactivation for any given amount of callicrein and inactivator varies 
directly vith increasing pH between 5 and the optimum. The optimum pH is 
7.5 for reaction with the seram inactivator (2) and 8-9 for the glandular product 

(3) ; neither has any activity below 4 or 5 or above pH 1 1 (2, 3) . The inactivation 
appears to be due to the foimation of a complex between the callicrein anion 
(isoelectric point of 4.2) and the inactivator cation (isoelectric point of 9-10) (7). 
The reaction is reversible, and free callicrein can be regenerated bj’' acidification 
of the complex obtained with either inactivator (3, 4, 6). 

A method for the preparation of the inactivator from beef spleen or l.ymph 
nodes is described in this report. Various fractionation procedures were followed 
by assays for the inactivator in phosphate buffer, pH 7,4, and suitable prepara- 
tions were so obtained for study in intact animals (8). The serum inactivator 
was also studied and found to be associated with the gamma-globulin fraction. 

Experimental. Spleen inaciivaior. Beef spleens were chosen as a readily 
accessible source of the inactivator, and a satisfactory purification procedure was 
found to be the followng. The spleen was minced and extracted overnight 
(toluene or xjdene preservative) with S volumes of dilute acetic acid (3 cc. glacial 
acetic acid per liter). The filtrate was concentrated in a continuous vacuum 
still to 1 /20 its volume, centrifuged, and the precipitate discarded. ‘ Five volumes 

^ Supported bj’ a grant from the Josiah uMacy, Jr. Foundation. 

= Fellow of the Lalor Foundation, 1942-43. 
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G? 95 per cent alcohol were ^ded to precipitate the inactivator; the centrifuged 
precipitate was redissolved in a small volume of water, and an equal volume of 
10 per cent trichloracetic acid was added. The inacti^s’-e precipitate was dis- 
■carded, and the excess trichloracetic acid was removed from the filtrate b}' ether 
■extraction; the aqueous phase was dialyzed against running water in a cellophane 
bag, and the non-dialysable fraction was finally concentrated again in vacuo. 

Large losses were not encountered in any of the steps, and the final preparation 
contained approximately 8 units of inactivator for each gram of fresh spleen ex- 
tracted, Precipitation of the inactivator b.y the addition of 6 volumes of alcohol 
was successful when applied to the original extract or concentrate, but led to 
destruction of the inactivator when carried out after the trichloracetic acid treat- 
ment, When the original extract was cleared noth trichloracetic acid and the 
filtrate precipitated with tungstic acid, the inactivator was removed from the 
solution and could be demonstrated in the tungstate precipitate by redissohdng 
the latter in sodium bicarbonate. Sodium tungstate or sodium trichloracetate 
did not inactivate caUicrein in the test. The inactivator was destroyed by con- 
tact ndth 0.1 N HCl for several days. It was perfectly stable to heating at 58° 
for 45 minutes, and only a slight loss in actmty occurred when boiled for 2 
minutes. 

An amount of caUicrein inactivator required to neutralize the small test dose 
of caUicrein had no effect on the blood pressure of a dog when the inactivator 
alone was injected intravenousI^^ ' Large doses were hypertensive. One hun- 
dred sixty-five units of inactivator increased the blood pressure 15 mm. Hg for 
about 1 minute; 420 units gave a 30 mm. rise. The pressor activity remained 
associated with the calUcrein inactivator throughout the limited purification 
described, and was found in both the lymph and spleen preparations. 

Incubation of caUicrein with pituitriu or tyramine did not destroy either of the 
test substanc&s. The effect of such nuxtm-es on the blood pressure Wns a summa- 
tion of the hypotensive action of the caUicrein and the hypertensive action of 
pituitrin or tyramine and depended upon the relative amounts of each substance 
present. The dibasic amino acids and the protamine, salamine, did not in- 
activate caUicrein. 

The processing of dog spleen by the procedure developed for beef spleen gave 
less than 1 unit inactivator per gram of spleen. 

T/tjmph node inaclivaior. The procedures utilized in preparing the inactivator 
from beef spleen were also successfully appUed to the fractionation of beef lymph 
nodes. Extraction wth dilute acetic acid, precipitation with 5 volumes alcohol, 
and removal of inactive proteins with trichloracetic acid gave an extract contain- 
ing 4 to 8 units of inactivator per gram hunph tissue without appreciable loss in 
any step. On dialysis of this lymph node extract after ether extraction, how'ever, 
approximately 50 per cent of the inacthmtor was recovered in the dialysate, 
while the remainder was non-diffusible even when dialyzed against running water 
for 3 days. Verj’" little of the inactivator in spleen extracts passed into the 
dialysate. 

Senm inaclivaior. The v.arious protein fractions obtained by Cohn ct al, (9) 
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during the fraciionatioa of normal hunum, blo-od plasma ^ere tested for tie pres- 
ence of callicrein inactivator. Only fn-ciion 2. wnicn is composed piinnnii.v of 
the plasma ga mm a-glob u lins, contained tbe inactivator. Dried vrbole plasma 
also inactivated callicrein at the level of S mgm. per unit cf callicreinj vrhile 
fraction 2 comprised 7/65 of tlie total solids and contained 1 unit of inactivator 
in 2 to 4 mgm. The Ieucopenic-!eucoc\“ic and possible pjinogenic responses to 
callicrein (S), and this association of the callicrein inactivator vritii tbe antibody 
fraction of plasma, suggest some i-elationsbip betvreen callicrein and infectious 


processes- 

soimaey 

A partial purification of the h5'pertensive callicrein inactivator from beef 
spleen and 1301105 nodes bas been described. 

The callicrein inactivator in plasma mas found to be associated mitb the 
gamma-globulin fraction. 
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That the brain can obtain some energ^^^ anaerobically was demonstrated in 
experiments on infant rats by the increase in the lactic acid content of the brain 
during anoxia (1). With the use of large adult dogs so that both the brain and 
blood lactic acid could be determined, it was found that in partial anoxia cerebral - 
lactic acid is higher than that of the blood (2). Thus the brain must break 
down its own glycogen to lactic acid in order to obtain energy. Stone, Marshall 
and Nims (3) showed that the lactic acid accumulating anaerobicalty disappears 
when aerobic conditions are re-established. But even under aerobic conditions 
the brain persists in forming small amounts of lactic acid (4, 5). 

Because the different parts of the brain appear to possess unequal suscepti- 
bilities to anoxia (6, 7), a condition in which sur\dval depends on glycolysis, in 
the present investigation comparative studies were made on the glycolytic 
ability of the various regions of the central nervous system of dogs and cats 
during growth. 

hlETHOD. Cats and dogs in several age groups, i.e., newborn to 1 week, 3 to 7 
weeks, 3 months, and adults were anesthetized ^vith pentobarbital and the brain 
and cord were exposed and removed . Various parts of the brain were extirpated : 
the gray of the cerebral cortex, the caudate nucleus, the thalamus, the coipora 
quadrigemina, the cerebellum, the medulla, and the cord in the regions of the 
brachial and the sacral plexais. From each part 100 mgm. of moist tissue were 
weighed, minced and suspended in Ringer-bicarbonate solution, in an atmosphere 
of 95 per cent nitrogen and 5 per cent carbon dioride in the repiratory chamber of 
a Warburg manometer. The initial readings were made 45 minutes after the time 
of decapitation. Each step in the process was timed so that all of the tissues were 
handled uniformly. The readings were taken for one hour. Correspondence 
was found between this manometric method and the chemical colorimetric of 
Barker and Summerson (8) when the lactic acid contents of samples of the 
Ringer-bicarbonate suspension of adult cats’ cortex were determined before and 
after one hour of glycolysis. 

Results. Tlie results on the dog (table 1) and cat (table 2) are expressed in 
terms of COi; 100 cu, mm. CO 2 are released by the formation of 0.4 mgm. 
lactic acid which process in turn jnelds 0-128 calorie anaerobically. These 
results are analyzed according to Fisher’s t test (9). The p value for each part 
of the brain is calculated for the difference between the means of the dogs less 
than 1 week old and 3 to G weeks of age, 3 to 0 weeks and 3 months, 3 to 6 weeks 
and adults, and finally 3 months to adults. In the case of the cats the differences 
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between the means are calculated for those less than 1 week old and 3 to 7 weeks 
of age, 3 to 7 weeks and adults. Only p values less than 0.05 are considered 
significant. Table 3 contains the 'p values for each part of the brain. 

In general the changes in both species follow the same pattern. The rates of 
glycolysis of the cortex, caudate nucleus, thalamus and corpora quadiigemina are 
^ lowest in the newborn and then increase with growth. Other parts of the 
brain, however, have difi'ei-ent patterns during growth. The changes in the 

TABLE 1 


CO; cu. mm. displaced by lactic acid per 100 mgm. jnoisi tissue per hour of the variousparts 

of canine brain 



I£SS THAK 1 ^^•K. 

3-6 WKS. 

APPSOX. 3 MOS. 

ADtTLTS 

1. Cortex 

46 

117 

195 

225 


[31-72]* 

[92-114] 

[1S7-205] 

[204-252] 


(9)t 

(11) 

(3) 

(5) 

2. Caudate nu- 

73 

167 

256 

229 

cleus 

[26-104] 

[12S-220] 

[24S-269] 

[214-251] 


(9) 

(13) 

(3) 

(5) .. 

3. Thalamus 

104 

160 

243 

193 


[74-149] 

[115-192] 

[237-253] 

[156-21S] 


(6) 

(9) 

(3) 

(4) 

4. Corpora quad- 

116 

148 

167 

86 

rigemina 

[96-147] 

[94-202] 

[134-191] 

[70-103] 


(7) 

(9) 

(4) 

(5) 

5. Cerebellum 

94 

73 

124 

76 


[47-134] 

[61-9S] 

[113-130] 

[33-99] 


(7) 

(9) 

(3) 

(4) 

6. IMedulla 

144 

118 

61 

30 


[109-176] 

[66-1S2] 

[3S-79] 

[13-48] 


(7) 

(9) 

(3) 

(4) 

7. Cord 

87 

38 

18 

- 20 


[54-113] 

[14-74] 

[10-25] 

[11-27] 


(9) 

(10) 

(4) 

(5) 


* The numbers in brackets are the extreme upper and lower values. 
■ t The values in' parentheses are the number of animals used. 


cerebellum are not consistent, while the glj’'coh*tic rates of the medulla and coid 
lessen as grovdh proceeds. In the newborn cat and dog the meduUa oblongata 
gtycolyzes faster than an 3 '’ other part at that age. The other portions gh’^cob’^ze 
with a decreasing rate in either dii'ection of the neuraxis, whether caudad to the 
cord or rostrally toward the cerebral hemispheres. In the adult the leverse 
pattern is seen, lactic acid being formed most rapidly in the caudate nucleus and 
cortex with decreases in the lower levels of the neuraxis. It is important to 
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recognize that, in accordance with previous obseiwations (10), the ability of the 
parts of the brain to gfycolyze is highest at some age before maturity is attained. 
Where this was not illustrated in the table, for example, in the cortex of the dog 
or the caudate nucleus of the cat, it is possible that additional observations made 
in animals of intermediate ages might have shown a higher value than in the 
adult. In general, the glycolytic rates start to increase at an earlier age in the 

TABLE 2 


COi cu. mm. displaced by lactic acid per 100 vigm. ynoisi tissue per hour of the various parts 

of feline brain 



tESS XnAN 1 WK. 

3-7 WKS. 

AD0I.TS 

1. Cortex 

45 

188 

178 


[34-741* 

[147-259] 

[154-228] 


(8)t 

(11) 

(7) 

2. Caudate nucleus 

86 

221 

239 


[64-101] 

[192-268] 

[172-295] 


(3) 

(10) 

(7) 

3. Thalamus 

83 

209 

167 


[60-105] 

[161-259] 

[129-209] 


i (4) 

(10) 

(7) 

4. Corpora quadri- 

106 

161 

60 

gemina 

[72-125] 

! [125-217] 

[32-98] 


ji) 

i (9) 

(6) 

5. Cerebellum 

96 

109 

60 


[77-112] 

[92-127] 

[14-91] 


(5) 

(11) 

(6) 

6. Medulla 

137 

103 

34 


[115-150] 

[70-130] 

[14-63] 


(4) 

(9) 

(0) 

7. Cord 

76 

27 

17 


[5S-117] 

[19-45] 

[11-22] 


(5) 

(11) 

(5) 


* The numbers in brackets are the extreme upper and lower values, 
f The values in parentheses are the number of animals used. 


cat than in the dog; the dog brain at 3 months approximates the cat at 3 to 7 
weeks. 

Discussion. The results obtained in this comparative study of the glycolytic 
rates of chosen regions of the brain may be compared with the previous ones in 
which the aerobic metabolism of these same parts of the brain were e.vamined 
(11). Qualitatively, there are striking similarities, both change in the same 
direction; quantitatively, however, there are discrepancies because they do not 
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vary to the same extent. Both the similarities and discrepancies will be con- 
sidered in the following discussion. 

The cerebral oxj’-gen consumption of the newborn dog was lower than that 
of the adult and the increased metabohsm vdth growth shows the same phyletic 
phenomenon of rostral progression, as does glycol 3 >'sis. It would seem that 
the gtycolytic enzjnnes, like the respu-atoiy (11), augment in concentration 
with growth, thus accounting for the increasing gtycolytic rate observed in 
the cortex, caudate nucleus, thalamus and corpora quadrigemina. The depo- 
sition of 'white matter, especially in the medulla and cord, produces a different 
result chief!}’' because the white matter has a lower metabolic rate than gra}’- (12), 
explaining in part the decreasing anaerobic metabolism in these two parts. 

TABLE 3 


P values for the glycolytic activity of the parts of the canine brain according to age 



lESS THAK 1 WK. 
AND 3-6 WKS. 

3-6 WKs. 

AND 3 MOS. 

3-6 ^VKS. 

AND ADULTS 

3 MOS. 

AND ADULTS 

Cortex 


<0.01 

<0.01 

>0.01 

Caudate nucleus 


<0.01 

<0.01 

<1 

Thalamus 


<0.01 

>0.4 

>0.05 

Corpora quadrigemina 


<0.6 

<0.01 

<0.01 

Cerebellum 

<0.2 

<0.01 

>0.5 

>0.05 

Medulla 


<0.02 

<0.01 

>0.05 

Cord 


<0.05 

<0.05 

<1 


P values for the glycolytic activity of the parts of the feline brain according to age 



LESS TIIAN 1 AND 3 WKS. 

3-7 ■nfe. AND ADULTS 

Cortex 

<0.01 

>0.1 

Caudate nucleus 

<0.01 

<0.01 

Thalamus 

<0.01 

<0.01 

Corpora quadrigemina 

<0.01 

<0.01 

Cerebellum 

<0.01 

<0.01 

Medulla 

>0.05 

<0.01 

Cord 

<0.01 

1 

<0.05 


The analysis of the cerebellum is more difficult because the cerebellar parts are of 
different phyletic ages so that various cerebellar regions ma}’’ assume characteris- 
tic rates as growth proceeds (13). 

With glycolysis, as •with oxidations, the parts of the brain attain their highest 
peak some time before adulthood, followed b}’- a recession thereafter. Thus, 
the developments of glycolysis and oxidations bear a striking resemblance to 
each other. This resemblance depends upon the mechanisms of aerobic and 
anaerobic energy production. In accordance with the Embden-Meyerhof 
scheme (14), the patterns of oxidations and glycolysis are the same startiug with 
glycogen and contmuing Tvith the various stages until the formation of pyruvic 
acid. At this point the two methods of evolution of energy diverge; anaerobi- 
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cally lactic acid is formed; aerobically, carbon dioxide and water. Since for the 
most part the paths of gtycolysis and oxidations are, the same, the lack of exact 
quantitative relationship may be attributed to the divergence in the terminal 
portion of the respective paths. These results do not necessarily prove that 
glycolysis and oxidations take place as part of the same mechanism, for many 
en^jrmatic systems may undergo similar changes of concentration during growth. 
In view of the fact that we have foimd the medullary metabolic rate highest at 
birth, both for oxidation and glycolysis, it is interesting that Barron (15) has 
observ^ed from studies of sheep embyxos that in the development of the neuraxis, 
function begins in the region of the junction of the medulla and cord and is 
spread in both directions. 

FinaEy the biologic value of cerebral glycolysis should be considered. Though 
the energy obtained anaerobicall 3 ’’ is not as great as that arising from anaerobic 
sources (10), the abdity to glycol 3 ’’ze makes it possible for the brain to work 
beyond its aerobic facilities, a contingenc}’’ occurring during anoxia (16) and in 
violent exercise. In anoxia the anaerobically produced energy is more important 
in the infant (1) than in the adult (2). In exercise the cerebral requirements 
may be stepped up beyond the aerobic supplies as occurs in convulsions (17). 
The brain may then call on glycolysis to provide some of the energy to sustain 
hyperactivit 3 L 


siraniARY 

Glycolysis in the parts of the canine and feline central nen'ous systems has 
been studied in animals at various stages of their development. In the newborn 
glycolysis is most rapid in the meduEa and is slower in both cephalad and caudad 
regions. In the adult the highest rates are in the caudate nucleus and cerebral 
cortex, with lower rates in each succeeding caudad portion of the neuraxis. 
Glycolysis of the meduUa and cord decreases progressively with age. In aU 
cerebral portions studied, lactic acid formation lises to a maximum at some time 
during development and then recedes in later life. In general, it may be said 
that the part of the brain exhibiting the highest glycolytic rate advances in a 
rostral direction as growiih proceeds. 
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I. Statement of problem. The mechanism * of movement of materials 
across biological membranes such as the intestinal epithelium has received 
much attention but many aspects of the problems involved are still obscure. 
Studies have been made, for the most part, of net movement of material out 
of or into the gut. However, the intestinal epithelium is a structure across 
which materials normally move in two directions (1), and therefore measure- 
ments of net transport do not assess the total movement rate in either direc- 
tion unless the rate in the opposite direction happens to be zero. This is ap- 
proximately true only for those substances not present in the blood or tissues, 
that is, for foreign materials, A complication inevitably enters into studies 
involving abnormal elements, ions, or compounds, namely, that they may alter 
the behavior of the intestinal epithelium. Furthermore, it is only by inference 
that any information gained about movement rates of foreign substances can 
be applied to the problem of movement of the normal components of blood. 

The use of isotopes constitutes the only tool available for the study of abso- 
lute rates of movement in either direction across the epithelium of the gut, in 
the cases of substances normally present in the blood of an animal. In this 
way a variant of the same element, differing appreciably only in nuclear mass 
but not in chemical properties, can be used as a deduce to achieve the condition 
desired, namely, a zero or negligibly small concentration of the material whose 
movement is to be measured, on one or the other side of the intestinal epithe- 
lium. ^ 

In this study simultaneous measurements of movement of water and salt 
across the intestinal epithelium have been made by labelling the water with 
deuterium, and sodium or chloride by their radioactive isotopes. 

i» 

' Grateful acknowledgment is made to Prof. Karl Sollncr and Mr. John M. Reiner 
for valuable criticism, to Prof. John W. Williams, Department of Physics, University 
of Minnesota, for supervising the preparation of the radioisotopes employed in this study, 
to Prof. Wallace D. Armstrong, Division of Physiological Chemistry, for the loan of 
apparatus and advice in Geiger counter work, and to the Rockefeller Foundation and the 
Graduate School of this University for support without which the study could not liavc 
been made. 

* The possibility that the radioactivity of the isotopes of elements such as sodium and 
chloride may influence the behaviour of living structures must not bo ignored. However, 
in the intensities employed in the studies reported Jierc we have been unable to detect an 
influence, as judged by capacity to do concentration work, which we have found to be a 
very sensitive indicator of other poisons (2). 
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In this way data have been obtained which permit a further analysis of the 
transfer processes occurring across the intestinal epithelium. New informa- 
tion has been obtained which bears directly upon the mechanism of water and 
salt movement when the net transport is either positive or negati^^e, and when 
the work done on- the material moved is also either positive or negative. 

II. Experimental methods. 1. Anhnal expenmenial technique. All ob- 
servations were made upon dogs under nembutal anesthesia using 30 mgm. 
per kgm. body weight. The animals were treated with two 2.5 cc. doses of 
tetrachlorethylene at an interval of one Aveek, at least fourteen days before use. 
They Avere depimed of food for tAventy-four hours before operation. Tavo sets 
of experiments Avere performed. In the first, ileal segment loops about 12 to 
15 cm. in length AA'ere prepared after careful Avashing AAuth isotonic NaCl solu- 
tion at 37°C., and multiple adjacent loops AAm-e studied simultaneously. In 
the second series the ileal loop lengths AA'ere about 20 cm. The placement of 
various solutions in the loAver and upper portions of the ileum Avas rotated from 
one experiment to another to avoid a systematic error due to varying behavior 
at the different levels of the ileum. 

Aft6r preparation the loops Avere replaced in the abdomen Avithout torsion 
and the incision in the latter closed Avith clamps. After half an hour, each 
loop AA^as AvithdraAvn separately and aspirated carefully to proA’^c absence of 
fluid. Then a measured quantity of solution to be studied was inserted and 
the loop replaced. This procedure A\-as repeated for each loop, from tAA^o to 
four in various experiments. After an interval of time, the same for each loop 
in a given experiment, the fluid Avas corapletelj’^ AvithdraAAm by S5'-ringe and large 
bore needle. The procedure emploj^ed Avas to AvithdraAV as much fluid as pos- 
sible without handling the gut more than holding one end of the loop aboA’^e the 
leA'^el of the needle inserted at the other. After this, the loop Avas gently stripped 
tAA'ice toward the needle by an assistant AA^ile the operator AvithdreAV the fluid 
so moved toAvard the needle. This operation AA^as completed in 10 to 15 sec- 
onds. The aAmidance of trauma to the gut at all steps is stressed as absolutely 
essential in studies on intestinal transport. In addition bod}'^ temperature (rec- 
tal) Avas kept approximately constant by an electric pad and blankets. 

2. Chemical and physical measurements. Sodium analyses Avere made by the 
Barber and Kolthoff (3) method, chloride by the Van Slyke (4) and sulfate 
by a microgravi metric benzidine method. Deuterium oxide AA^as determined 
in the larger number of cases by the falling drop method of Keston, Rittenberg 
and Schoenheimer (5) as modified Ijy Fetchcr (6). In the sodium isotope series 
the floating equilibrium method AA^as employed. 

The float density over the range of -temperatures and concentrations found 
AV'as determined empmcally using knoAA'n proportions of DoO and HoO. The 
detailed method of determination aa'RS as folloAA's: A filtered 10 cc. sample of gut 
fluid Avas boiled gently for 30 sec. after addition of 50-100 mgm. CrOs, then 
cooled and filtered into a 100 cc. boiling flask AAuth glass joint. Sufficient 
KMn04 Avas added to give a distinct purple color and CaO to maintain alka- 
linity. Porcelain chips AA'^ero used to prevent bumping. The solution AA’^as 
distilled in vacuo in an all-glass apparatus and the distillate collected. Distil- 
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lation in the presence of KMn04 was repeated three times. In no case was the 
solution boiled to dryness. All glassware was thoroughly cleaned, washed 
with triple glass-distilled water and completely dried. The reagents added 
should be water-free. It is impos.sible to accomplish this objective perfectly 
during handling in room air, but the error introduced when every precaution 
is taken is found to be small. Another unavoidable small error enters in by 
by formation of water in the oxidation of organic matter. The apparent DoO 
content of the distillate was measured by deteimining the temperature of float- 
ing equilibrium of a calibrated pyrex glass float. If the floating equilibrium 
temperatures for the third and fourth distillations deviated by more than 
0.05°C., corresponding to a difference of 0.005 per cent DgO, the process was 
repeated until such constancy was attained. The same or better accuracy 
has been attained with the falling drop method. 

The radioactivity of fluid samples was determined on a volume basis, cor- 
recting in each case for backgi-ound count and for decay from zero time, taken 
as the time of insertion of samples into the gut loops. The values are ex- 
pressed as RRA, the relative radioactivity on a volume basis corrected for 
decay. In the chloride experiments a liquid counter built by Wang (7) Avas 
employed in order to make measurements rapidly, because of the short half- 
life of CF. The radioactivity in the sodium experiments Avas measured by the 
standard technique after drjdng in aluminum shells. The probable error of 
the radioactiAuty measurements is ±2 per cent. 

Radiosodium was prepared by deuteron bombardment of especially pure 
solid NaOH, It A\'as put in solution and converted to NaCl by titration to 
neutrality A\'ith HCl. Salt concentration Avas adjusted by dilution to the de- 
sired values on the basis of calculations from the titration data. DsO from 99.5 
per cent stock Avas added to the diluting AA^ater in appropiiate proportions. 
Radiochloride was prepared by deuteron bombardment of fused CaCIa. After 
solution in AA’ater and acidification AA-ith H 2 SO 4 the HCl AA^as distilled off and col- 
lected. The distillate aa'ss neutralized Avith NaOH and the concentrations 
adjusted as indicated above. 

3. Calculation 'procedure. The primary mca.surcments in this study are of 
the volumes and D 2 O contents of fluid introduced into and removed from gut 
loops after a period of time, and of the concentrations of sodium and chloride 
' and their radioactiAm isotopes in the solutions put in and taken out. From 
these data the absolute directional rates of movement of AA'ater and sodium and 
chloride from gut to blood are calculated by the folIoAving equations. The 
principles underlying their derivation have already been presented (1). For 
AA'ater 

ow (D20ff)<?'Fo — (D20p)rF’t . , 



Avhcl’e (D 2 O) rcpre.sents concentration in per cent, V indicates volume and the 
subscript g refers to concentrations in gut fluids, 0 , /, and m refer to zero time, 
the time of any later observation, and the mean value over the time f. 
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For chloride 




IClMo 


out 


Fo - [C\\]rVr (SCA)„ 


t 


(SCA). 


.[ 2 ] 


where [Cl*] refers to “labelled chloride concentration” and (SCA) the “specific 
chloride activity” in the solution in question. The latter is a measure of the 
isotope abundance ratio in relative values. These quantities are calculated as 
follows; 


and 


roi*! _ (R'RA)f[Cl Jo 
(RRA)o 


[3]; 


(SCA), = 


[Cr]o*(RRA), 

[Cl-],.(RRA)o 


Equation [4] is derived from the more fundamental proposition 


[4]. 


(SCA), 


'(RRA),/[Cr], 

(RRA)o/[Cl-]o 


[5], 


which results from the fact that the specific chloride radioactivity at time i 
can be related to that at time zero by dividing the radioactivity per unit of 
chloride concentration at time t by the same ratio at zero time. The resulting 
value (SCA), is not an absolute abundance ratio, but it is such a ratio multi- 
plied by a value, constant for any experiment, which constant is in reality un- 
known, but is also not nece.ssary to be known for the purposes of these calcula- 
tions. In these equations [Cl~]o and {Cl“]t are anab’^tical concentrations at 
times zero and i. (RRA)o and (RRA), are likewdse the relative values at the 
two times of the radioactivity of the solutions in counts per unit time per unit 
volume, corrected for decay, with (RRA)o alwaj’^s taken as 100. Correspond- 
ing calculations are made for sodium. 

The net rate of movement of each material studied is calculated as follows: 


IC. = [6]; 

„ci _ [Cn,-F, - |Cn,-F, 

I^net — ^ J j 

■n^Na [Nalo'Fo - lNa+],-F, 

■tvnet — 2 loj* 


It has already been pointed out that for any constituent 

Rout Riiito ~ Rnet [0]- 

Thus, the several i-alues for Rinto are obtained by substitution of the two meas- 
ured values in this equation. The general correspondence between measured 
and calculated values for Rout and Rinto has been established previou.sly (1). 
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In the present study the movement of isotope from blood to gut has not been 
measured and therefore the Rin»o values are not directly measured. Their ac- 
curacy depends on the yalidity of equation [9] and the accuracy of measurement 
of Rout and Rnct* 

III. Experimental results and rate calculations. Table 1 presents 
the obseiYational data from a series of -.thirty-nine comparable experiments in 
which salt solutions of concentration. from .one-third to three times isotonic 
were introduced into gut loops. In each instance the sub-e.xperimehts. under 
a given arabic number were performed on adjacent loops of ileum. Where the 
initial volumes were not the same for adjacent loops the initial volume inserted 
was smallest in the case of the hypertonic solution and largest for the hypotonic 
solution. This was done because the former gained volume and the latter lost 
volume during the absorption period. It was therefore necessarj’- to rule out 
gross effects of changing volume on the results. The loops containing the most 
dilute solution were filled to capacity, and the volume in the others adjusted 
as indicated. 

It is extremely difficult, and perhaps impossible, to obtain exactly comparable 
areas for absorption in segments of living bowel, because of differences in state 
of contraction of the musculature. In a sufficient number of experiments dif- 
ferences should, however, result in random variations and should not influence 
mean values. Furthermore, most of the emphasis in this paper will be placed 
on the relation between several values measured simultaneously on the same 
loop of gut, in which relationship the absorbing area is necessarily a constant. 

From the raw data in table 1 it is possible to see that the concentration of 
DjO in gut loops decreases rapidly, to about half its initial value in ten minutes. 
The rate of decline is not related in any simple way to the variables studied. 
Likewise for 'the radiochloride, although it is possible to see certain trends 
directly from the data in the table, such as a higher value for (RRA)< with the 
more dilute solutions, botii the volume and chloride concentration changes need 
to bo taken into account before interpretation is possible. 

Table 2 presents the obser^'cd data from eighteen observations on DaO and 
radiosodium movement and other changes in experiments in which isotonic 
solutions of NaCl and Na2S04 were placed in adjacent ileal loops. In most 
cases it vdll be seen that (RRA)« is higher in the presence of sulfate than chlo- 
ride, indicating a smaller loss of radiosodium. But again, further calculations 
are essential to an analysis of the data. 

The above data have been used to calculate the ra^s of movement of water 
and ions according to the methods described above. The results appear in 
tables 3 through 8, It should be noted that the relative magnitudes of Ro„t, 
Rinto, and R„ct for a given loop at a particular time have significance apart from 
their absolute values, which latter might be influenced by area exposed, while 
the fonner (the relative magnitudes) could not bo so determined. It will be 
noted furthermore that there is very little overlap of values for R"'oi!t between 
tables 3, 4 and 5, for the hypotonic, isotonic, and hypertonic solutions resjiec- 
iively. The .standard deviations of the means an; small j-el.'itive to the mean.s 



TABLE 1 ' 


Experimental observations on volume, chloride, radiochloride and deuterium changes 
during absorption from ileal segments 


EXP. 

NO. 

SALT SOLUTION 

TIME 

B 

Vt 

[Cl-]o 

ICl-]t 

RRA( 

D2O0 

D;0» 




CC, 

CC. 

mEn. 

mEn. 

No.fcc.f 

min. 

% 

% 

1 a 

53 NaCl 

11.5 

20.0 

. 8.0 

59 

81 

93.8 

i7021 

0.388 

b 

160 NaCl 

11.0 

20.0 

20.8 

181 

155 

79.3 

1.046 

0.532 

c 

480 NaCl 

10.7 

15.0 

21.6 

478 

302 

54.3 

1.060 

0.428 

2 a 

53 NaCl 

10.3 

25.0 

15.5 

52 

67 

98.5 

1.030 

0.526 

b 

160 NaCl 

10.2 

20.0 

24.0 

161 

130 

69.5 

1.076 

0.453 

c 

480 NaCl 

10.0 

15.0 

22.2 

484 

290 

58.6 

1.085 

0.405 

d 

Iso NaCl-Na 2 S 04 

10.1 

20.0 

19.0 

77 

69 

78.3 

1.065 

0.643 

3 a 

53 NaCl 

15.0 

25.0 

15.0 

54 

65 

96.3 

1.180 

0.623 

b 

160 NaCl 

15.2 

20.0 

20.5 

156 

133 

81.4 

1.126 

0.661 

c 

480 NaCl 

14.9 

15.0 

21.0 

482 

278 

58.7 

1.044 

0.339 

d 

Iso NaCl-NasSO^ 

14.9 

20.0 

22.5 

78 

61 

46.3 

1.237 

0.394 

4b 

160 NaCl 

15.1 

20.0 

17.5 

162 

123 

76.9 

1.184 

0.403 

b 

160 NaCl 

15.1 

20.0 

16.0 




1.155 

0.456 

d 

Iso NaCl-NajSO^ 

15.1 

20.0 

24.0 

88 

67 

62.8 

1.155 

0.418 

d 

Iso NaCl-Na 2 S 04 

15.0 

20.0 

22.0 




1.180 

0.468 

6 b 

160 NaCl 

16.1 

20.0 

15.5 

156 

128 

68.6 

1.56 

0.823 

b 

160 NaCl 

16.2 

20.0 

16.5 




1.62 

0.806 

d 

Iso NaCI-Na 2 S 04 ' 

16.1 

20.0 

14.5 

78 

40 

45.2 

1.72 

0.739 

d 

Iso NaCl-Na 2 S 04 

16.0 

20.0 

14.0 




1.69 

0.832 

6b 

160 NaCl 

15.0 

20.0 

13.5 

158 

136 

84.5 

1.504 

0.715 

c 

480 NaCl 

15.0 


24.0 

473 

265 

52.7 

1.406 

0.402 

d 

Iso NaCl-Na:S 04 

14.9 

20.0 

18.5 

82 

51 

56.4 

1.476 

0.643 

7 a 

53 NaCl 

15.6 

25.0 

6.5 

52' 

98 

112.0 

1.476 

0.423 

b 

160 NaCl 

15.3 

20.0 

17.0 

160 

155 

55.8 

1.473 

0.478 

d 

Iso NaCl-Na 2 S 04 

15.1 

20.0 

21.0 

78 

85 

54.6 

1.464 

0.422 

8 b 

160 NaCl 

14.9 

10.0 

8.7 

171 

134 

64.2 

1.495 

0.398 

c 

480 NaCl 

15.0 

6.0 

10.5 

423 

215 

44.9 

1.403 

0.267 

d 

Iso NaCl-Na 2 S 04 

15.3 

10.0 

7.5 

83 

45 

47.4 

1.436 

0.340 

9 a 

53 NaCl 

10.1 

25.0 

12.0 




0.739 

0.412 

b 

160 NaCl 

9.5 

19.5 

18.5 




0.776 

0.502 

c 

480 NaCl 

9.5 

10.0 

12.5 




0.741 

0.370 

d 

Iso NaCl-Na 2 S 04 

9.8 

18.0 





0.759 

0.359 

10 b 

Iso NaCl 

14.6 

16.0 

14.2 




2.32 

1.20 

11 b» 

31.0% sea water 

15.1 

20.0 





2.34 

0.88 

c* 

Sea water 

14.2 

15.0 





2.21 

0.87 

c 

480 NaCl 

15.1 

15.0 

23.5 




2.36 

0.05 

12 b» 

31.6% sea water 

15.4 

20.0 



• 


2.34 

1.12 

c* 

Sea water 

15.7 

15.0 

19.7 




2.21 

0.82 

c 

480 NaCl 

17.8 

15.0 





2.30 

0.47 
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TABLE 2 


Experimental observations on volume, sodium, chloride, sulfate, radiosodium and deuterium 
changes during absorption from ileal segments 


EXPERIUENT 


1 

Vt 

1RV1„ 

(Na*l( 



■ 

ISOr-) 

rRRA 

DiOo 

D2O1 

Expt. 

DO. 

Salt solution 

13 a 
b 

160 NaCl 

256 Na2S04 

vtin, 

15 

15 

cc. 

25.3 

25.0 

cc. 

20.6 

25.5 

mE/l. 

(162.0) 

(256.0) 

vtE/l. 

153.9 

237.2 

mE/l. 

(162.0) 

(0.0) 

mB/l. 

134.0 
. 6.4 

mE/l. 

(0.0) 

(256.0) 

mE/l. 

1 


m 

14 a 

NaCl 

15 

25.1 

16.9 


151.4 

162.0 

140.0 


mi 

66.6 

10.00 

4.09 

b 

■s 

^32804 

15 

25.2 

22.6 


239.2 

(0.0) 


(256.0) 

■ 

83.3 

9.96 

4.63 

15 a 

NaCl-NajSO. 

15 


23.0 

(190.0) 


Mjffl 



13S.0 


8.50 

4.71 

b 

Na2S04 

15 

9 

26.1 

(256.0) 





252.0 


8.47 

4.65 

16 a 

NaCl 

20 

25.5 

19.9 

158.7 

141.3 

158.7 

132.3 

(0.0) 


61.3 



b 

NaiSO. 

20 

26.0 

25.9 




1.3 

(256.0) 

247.2 




17 a 

NaCl 

■ 

25.6 

24.0 


147.8 

(162.0) 

131.7 

HliB 


72,4 



b 

NajSO^ 

■ 

26.9 

29.3 


243.1 

(0.0) 

2.3 


249.2 

76.5 


- 

IS a 


16 

25.5 


160.0 

154.0 

BWh 

128.0 

(0.0) 

■m 

33.3 



b 


16 

26.5 

B 

236.0 

213.5 

H 

19.1 

(256.0) 

■ 

69.2 



19 a 

NaCl 

1 


34.0 

154.0 

143.5 

154.0 

a 

(0.0) 


48.8 

- 


b 

NajSO. 

i 

B 

44.0 

(252.0) 

226.5 

(0.0) 

m 

252.0 

230.0 

75.2 



20 a 

NaCl 

30 

20.0 

5.3 

154.0 

139.5 

154.0 


(0.0) 


44.6 



b 

NajSO^ 

30 

20.0 

17.0 

(243.0) 

■ 

(0.0) 


243.0 

256.0 

80.2 





21 

30.0 

HR 


139.5 


S 



49.8 





21 

15.0 

B 


235.0 

IH 

H 

Bl 

260.0 

45.7 




Values enclosed in parentheses arc concentrations to which solutions were made and are 
not analytical values. 


TABLE 3 


Calculations of water and chloride movement between 53mM NaCl and blood 


1 

EXPT.KO. 

2 

^out 

3 

^out 

i 

K Cl 
^into 

5 

R W 
^into 

6 

rCI 

■‘‘net 

7 

rW 

^net 

[ci-joSt 

9 

[^’iinto 

to 

a 

8-9 


fltE/JO mill. 

cc./JO min. 

mE/tOmin. 

cc./lO min. 

mE/JOmin. 

ec./IO min. 

mE/l. 

mE/l. ! 

mE/l. 

la 

i 0.76 

21.2 

0.30 

11.0 

0.46 

9.2 

35.8 

27.2 

8.6 

2a 

i 0.56 

21.9 

0.31 

12.7 

0.25 

9.2 

25.0 

24.4 

1.2 

3a 

0.42 

15.7 

0.17 

9.1 

1 0.25 

0.6 

20.7 

18.7 

8.0 

7a 

0.74 

22.9 

0.32 

11.1 

0.42 

} 10.6 

32.3 

28.8 

3.5 

9.a 


23.1 


10.3 


1 12. S 

i 




Mean 

0.62 

21.0 

0.28 

10.8 

0.35 

9.7 

30.1 

21.8 

5.3 

<T 

0.14 

2.4 

0.03 

1.5 

0.07 

1.9 

4.2 

3.7 

3.0 


O.OS 

1.2 

0.02 

0.8 

0.04 

1.0 

2.5 

2.2 

1.8 
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TABLE 4 


Calculations of water and chloride movement between 160 mM NaCl and blood 


1 

EXPT, NO. 

2 

n Cl 
^out 

m 

4 

n Cl 
^into 

s 

^into 

6 

p Cl 

4 

8 

Molt 


10 

A 

8-9 


mE/lOmin. 

cc./lO min. 

mB/lOmin. 

cc.llOmin. 

mE/IOmin. 

cc./W min.\ 

mE/l. 

mEll. 

mE/l. 

lb 

0.60 

11.3 

0.24 

11.9 

0.36 

D.6 

53.1 

20.1 

33.0 

2b 

0.56 

13.7 

0.36 

17.5 

0.20 

■ 3.8 

40.8 

20.6 

20.2 

3b 

0.35 

6.6 

0.09 

6.9 

0.26 

0.3 

53.8 

13.0 

40.1 

4b 

0.70 

13.8 

D.02* 

12.2 

0.72 

1.6 

50.8 

T.6* 

52.4 

4b 


12.9 


10.3 


2.6 

1 



6b 

0.99 

9.6 

0.28 

6.8 

0.71 

3.2 

103.0 

41.2 

61.8 

5b 


9.7 


7.6 


2.1 




6b 

0.91 

12.2 

0.03 

7.9 

0.88 

4.3 

74.6 

3.8 

70.8 

7b 

1.39 

14.3 

1.02 

12.3 

0.37 

2.0 

97.3 

83.0 

14.3 

8b 

0.56 

8.1 

0.20 

7.2 

0.36 

0.9 

69.2 

27.8 

41.4 

9b 


9.6 


■ 8.5 


1.1 




10b 


7.7 


6.5 


1.2 




llbi 


14.7 


9.5 


5.2 




12bi 




8.1 


3.6 




Mean 

0.76 

11.1 

0.28 

9.5 

0.48 

1.7 

67.7 

26.0 

41.8 

<r 

0.30 

2.4 

0.30 

3.0 

0.25 

2.1 

21.2 

24.9 

18.1 


0.12 

0.7 

0.12 

0.8 

0.09 

0.6 

8.2 

9.6 

6.8 


* Negative values for RC'.nto or [Cl-^into are impossible except as a result of error in 
measurement. The values are retained in order to obtain true values for the standard 
deviation of the mean. The values 0.02 and T.O are within the limits of error of measure- 
ment from 0.00 in this case and there is no reason to believe that the experimental error in 
this experiment was larger than in the others. 

TABLE 5 


Calculations of icater and chloride movement between 4^0 mM NaCl and blood 


1 

EXPT. 

NO. 

2 

n Cl 

^out 

3 

%ul 

4 

R Cl 
^into 

5 

^into 

6 

R Cl 
^nct 

7 

^nct 

. 00 

9 

Mlnto 

10 

A 

8-9 


mE/JOmin. 

cc,/J0 min. 

mE/IOmin. 

cc./lO min. 

mE/lOmin. 

cc./lO min. 

mE/l. 

mE/l. 

mE/l. 

Ic 

1.57 

8.2 

0.98 

14.1 

0.59 

5.9 

192.0 

69.5 

122.5 

2c 

0.97 

9.5 

0.14 

16.6 

0.83 

7.1 

102.0 

7.4 

94.6 

3c 

0.85 

8.1 

0.08* 

12.1 

0.93 

4.0 

105.0 

6.6* 

111.6 

6c 

0.75 

8.1 

0.25 

14.1 

0.50 

6.0 

92.6 

17.7 

74.9 

8c 

0.51 

4.4 

0.32 

7.4 

0.19 

S.O 

116.0 

43.3 

72.7 

9c 


5.0 


7.8 


2.8 




llci 


8.6 


14.2 


3.0 




11c 


6.1 


11.0 


4.9 



1 

12ci 


9.4 


13.9 


4.5 




12c 


6.8 


9.8 


3.0 




Mean 

0.93 

7.4 

0.32 

12.1 

0.61 

4.7 

121.5 

20.3 

95.3 

O' i 

0.30 

1.8 

0.36 


0.26 

1.3 

30.1 

27.0 

19.5 

1 

O’ra 

0.18 

0.6 

0.18 

1.0 

0.13 

0.4 

18.1 

13.5 

9.8 


* See corresponding footnote to table 4. The same considerations apply to this case. 
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themselves. Likewise for R’^not there is no overlapping except for three experi- 
ments with isotonic solutions in which R\ot was negative. These three values 

TABLE 6 


Calculations of water and chloride movement between isotonic NaCl-NaiSOi and blood 


1 .1 

2 

3 

4 

s 

6 

7 

s 

■i 


EXPX, 

KO. 

rCI 

^out 

V. 

^into 

1 

u Cl 


[a-]A 

19^ 

A 

8-9 


mEflOmin. \ 

cc.llOmin. 

mE/IOmin. 

cc./JO min. 

mB/lOmin. 

cc.llOmin. 

mB/1. 

mE/l. 

mEjl. 

2d 

0.42 1 

10.4 

0.19 

9.4 

0.23 

1.0 

40.4 

20.2 


3d 

0.63 

12.5 

0.50 1 

14.4 

0.13 

1.9 

50.3 i 

34.7 


4d 

0.32 

10.9 

0.22 

13.5 

0.10 

2.6 

29.4 

16.3 


4d 


10.5 


11.9 


T.4 




5d 

0.68 1 

11.8 

0.07 , 

8.5 

0.61 

3.3 

57.7 

8.2 1 

49.8 

5d 


10.8 

i 

7.1 


3.7 




6d 

0.56 

11.0 


9.9 

1 0,47 

1.1 

50.9 

9.1 

41.8 

7d 

0.58 

14.2 


14.8 

i D.15» 

D.6 

40.8 

49.3* 

S.5* 

8d 

0.37 

8.5 


6.9 

0.32 

1.6 

43.6 

7.3 

36.3 

9d 


13.6 


12.5 


1.1 




Mean 

0.51 

11.4 

0.26 

10.9 

0.24 


44.7 

20.7 

24.0 

<r 

0.14 

1.7 

0.24 

1 2.7 

0.22 


8.7 

14.7 

18.5 


0.06 

0.6 

0.08 

! 0.9 

0.09 


3.6 

6.1 

7.6 


* In experiment 7d the discrepancies in columns 6, 9 and 10 from the usual values are so 
great as to lead the authors to believe that the loop of gut in question was definitely ab- 
normal. However, to avoid the difficulty of setting up criteria for rejecting certain experi- 
ments it is included in the means. It is recognized that from some viewpoints the validity 
of the data would be increased if this experiment were thrown out. No important con- 
clusion is altered by leaving it in, however. 

TABLE 7 


Calculations of water and sodium movement between 160 mM NaCl and blood 


1 ! 

rxpT. 

KO. 

2 

oNa 
^out j 

1 

H 

4 

^into 

5 

^into 

6 

TfNa 

^net 

7 

R^ 

^nct 

8 

Mout 

m 

10 

A 

8-9 


mB/IO min. ^ 

cc.flO min. 

mE/lOmin. 

cc./iO min. 

mBflOmin. 

cc./JO min. 

mE/l. 

mE/l. 

mE/l. 

13 

1.85 

15.0 

1.23 

11.9 

0.62 

3.1 

123.3 

103.3 

20.0 

14 

1.73 i 

17.2 I 

0.77 

11.7 

0.96 

5.5 j 

100.5 

65.8 

34.7 

16 

1.25 


0.03 


0.62 





17 

0,74 


0.44 


0.30 





18 

2.65 


2.31 


0.34 


1 



19 

1.24 


0.48 


0.76 





20 

1.23 


0.45 


0.78 





21 

2.36 


0.83 

1 


1.53 


1 



Mean 

1.63 

10. 1 

0.89 

11,8 

! 0.74 

4.3 

111.9 

84,6 

27.4 

C 

0.60 

1.1 

0.59 

0.3 

' 0.30 

1.2 

11.4 

18.5 

7.2 


0.22 

1 1.1 

0.22 

0.3 

0.13 

1.2 

11.4 

18.5 

7.2 


indicate “secretion” of fluid into the gut segment and are unusual, but such 
behavior ha.s been encountered occa.'sionally with isotonic NaCl solutions in 
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other experiments. It was at first thought that the radioactmty of the solu- 
tions might haA'e caused the unusual response, but a series of control experi- 
ments in which solutions identical except for radioacthdty were placed in ad- 
jacent ileal segments showed no detectable effect of such activity. It was 
therefore concluded that the condition of the gut at the time of insertion of the 
sample in the experiments in question was responsible for the result. 

In addition to the calculated rates of movement another quantity is shown 
in columns 8 and 9 of these tables, namely, the apparent concentration of ion 
in the water moved. This quantity is expressed in mE/\. and can therefore be 
compared directly with corresponding concentrations in -gut loops and blood 
plasma. Furthermore, the difference in apparent concentrations of ions in the 
water moving out of and into the gut is presented in column 10. These quan- 
tities are believed to be of particular importance because they too are inde- 

TABLE 8 


Calculations of water and sodium movement between 266 mM NoiSOi and blood 


1 

ZXPT. 

NO. 

2 

pNa 

^out 

3 

^out 

4 

R.Na 

into 

5 

R.W 

6 

^nct 

7 

^net 

8 

9 

Mimo 

10 

A 

8-9 


mEllO min. 

cc./lO min. 

mE/lOmin. 

cc./lO min. 

mE/lOmin 

cc./lO min. 

mEll. 

mEll. 

mEll. 


1.49 

15.7 

1.27 

16.0 

0.22 

0.3 

94.9 

79.4 

15.5 


1.15 

12.9 

0.45 

11.2 

0.70 

1.7 

89.3 

40.2 

49.1 

15b 


9.1 


9.9 


0.8 




16b 

1.07 


0.68 


0.39 





17b 

0.G5 


0.77 


U.12 





18b 

0.36 


1.12 


0.76 





19b 

0.63 

i 

0.59 


0.04 





2'Ob 

0.56 


0.29 


0.27 




1 

21b 

1.44 


1.13 


0.31 





Mean 

0.92 

12.6 

0.79 

12.4 

0.13 

0.2 

92.1 

59.8 

32.3 

cr 

0.38 

2.5 

0.33 

2.4 

0.40 

1.1 

2.8 

19.6 

16.8 

O’m 

0.15 

l.S 

0.13 

1.7 

0.15 

0.8 

2.8 

19.6 

16.8 


pendent of any difference in area or condition of gut epithelium, since they re- 
sult from simultaneous measurements on a given loop. 

IV. Discussion of results in relation to osmotic forces. The effects 
of changes of salt concentration on the movement of water can be ascertained 
from the data presented above in detailed tabular form. These data are sum- 
marized and compared in figure 1. Considering first the net movement, it 
will be seen that the expected variations in direction of net transport occurred, 
that is, the net absorption rate has the highest positive value in the case of the 
hj^potonic solution and has a negative value for the strongly hypertonic salt 
solution. The quantitative differences cannot be interpreted, however, with- 
out considering the absolute dhectional rates of movement. 

Looking at the absolute rate of.movement of water out of the gut as calcu- 
lated from DoO movement, one sees that it too is r^ry much higher in the case 
of hj’potonic than of hypertonic salt solutions. The significance of this observa- 
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tion, and of the ratios between net and absolute rates, cannot be made clear 
ndthout considering the fundamental mechanism of osmosis and of diffusion in 
general. 

Normal osmosis is ordinarily considered to be a process in which there is net 
water transport between two regions or compartments separated by structures 
permeable to water, in which case the net transport occurs from the region of 
higher to the one of lower water activity. In such a system we assume that 



Fig. 1. Rale of water movement between gut and blood calculated from isotopic tracer 
data and net volume changes. 

Fig. 2. Deuterium oxide movement across the cellophane membrane in relation to salt 
concentrations. 

there must be movement of water by diffusion in both directions across the limit- 
ing boundaiy, the magnitude of diffusion in each direction being determined 
by the water activities in the respective compartments. Thus the net move- 
ment of water in osmosis is the algebraic sum of opposing directional move- 
ments. The justification for its consideration as a two-directional process can 
be found in a treatment by Herzfeld and Smallwood (8). 

If one knows the difference in water activity between gut and blood one 
should be able to calculate the expected ratio between net and absolute direc- 
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tional movement by diffusion. By comparing such calculated and observed 
rates it should be possible to ascertain whether normal osmotic forces do or do 
not account for transport of water across the intestinal epithelium. 

A simple treatment® of the diffusion problem as applied to ordinary inert 
membranes will make this clear. Fick’s law as expressed in terms of concen- 
trations is not applicable. If it is modified by the use of activities it can be 
.written 


M KA KA 

- 7 - = - 3 - a2 — - 3 - ai 

i a d 


[ 10 ], 


where M/t = net movement of mass per unit time, K the diffusion constant in 
the membrane or barrier, A the effective area, d the diffusion distance or effec- 
tive barrier thiclmess, and 0:2 and ai active concentrations in compartments 
2 and 1 respectively. By definition 



J-Vnot — ~Y' 

[11]; 

\ 

lAout — — 3“ ^2 • 

d 

[12]; 


Hinto — 3~ 

d 

[13]. 


Substituting [11] in [10], and dividing by [12] one obtains 


R 


not 


R 


out 


0:2 — ai 
az 


.[14]; 


and dividing [12] by [13] 


Rout OC2 

Rinto 0:1 


[15]. 


From [14] it is evident that when active concentrations are Icnown R„ct for an 
osmotic process can be calculated from Rout, if it is knovm, or vice versa. For 
this purpose it is quite unnecessaiy to know D, A, or d, so long as the system 
is considered to behave ideallyh 

These three values are constants which cannot lie determined accurately by 


^ It is recognized that equation [10] is not a completely general expression for transport 
across a membrane, but it is sufficiently adequate for simple osmotic transport to permit 
its use in the cases considered here. 

■* The work of Berkeley and Hartley (9) has shown that the net transport rate of water 
across a semipermeable membrane is governed strictly by Fick’s law. They further showed 
that although the effectiveness of stirring was important in determining water transport 
rates at high osmotic concentrations, the effect of stirring virtually disappeared at con- 
centrations about 1 molar. At that concentration the instantaneous rates observed with 
violent stirring and with no stirring were the same within e.xperimental error. Since all 
the present studies involve much lower concentration differences it may be inferred that 
the possiblj' poor stirring in the gut lumen will not seriously influence the results reported. 
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direct measurements. It is fortunate that for any single experiment their 
values need not be laionm in order to ans^ve^ the questions proposed. These 
questions arc: 1, what net rates of transport of water would be expected from 
the observed directional movement rates if normal osmosis were the mechanism 
of movement; 2, what ratio between R"^out and should exist on the same 
assumption; and 3, how well do the predicted rates agree with the observ^ed 
values? 

The answers are very clear-cut in their implication. The activity of water 
can be calculated from the mol fraction and expressed in terms of vapor ten- 
sion. In sUch a calculation the fact that deuterium is present almost exclusively 
as HDO must bo taken into account. For purposes of this calculation it is 
assumed that all the .deuterium is in the latter fonn. The abundance ratio of 
HoO and HDO must be knonm in each case and taken into account because the 

TABLE 9 


Cornposilion and osmotic properties of plasma and gut solutions 


COMPONENT OR VALUE 

UKITS 

PLASMA 

Hypotonic 


■ 

1. ILO* 

Molality! 

5-5.508 

54.638 

54.300 

54,348 

2, iibo* 

Molalit}’’ 

0.000 

0.822 

1.143 

1.099 

3, Solute* 

Molality 

0.320 

0.132 

0.300 

0.7.38 

4. Total 

Molality 

.55.828 

55,592 

55.743 

56.185 

5. Ratio; (l)/(4) 


0.9943 

0.9829 

0.9741 

0.9673 

6, Ratio: (2)/ (4) 


0.0000 

0,0148 

0.0205 

0.0196 

7. ILO V.T. 37.5"CJ 

Mm. Ilg 

47,681 

47.124 

46.701 

46.375 

8. IIDO V.T. 37.5'’C§ 

Mm. Ilg 

0.000 

0.665 

0.918 

0,880 

9. Total Water V.T 

Mm. Hg 

47.681 

47.789 

47.619 

47.255 


* Mean value-s over the time of ob.servation. 

t Gram mols per 1000 grams water (HaO + HDO). 

t Vapor tension of H-O at 37.5°C taken as 47.914 mm. Ilg. 

§ Vapor tension of HDO at 37,5°C taken as 44.900 mm. Hg. A linear variation for 
fractional mixtures is assumed. 

activities and vapor tensions of the two are different. The calculations of water 
vapor tensions in the several solutions are shown in tabic 9. For the purposes 
of these calculations it is a.s.sumcd that the .salt .solutions arc ideal. The equiva- 
lent osmolality of plasma, O.IGO M NaCI, is derived from vapor tension measure- 
ments. 

It can be assumed that water activity is proportional to its vapor tension. 
Since we are interestcfl only in ratios of activities the water vapor tension ratios 
have been employed directly. 

From tlie.so data the expected rate ratios can Ijc derived, a.ssuming that the 
movement from gut to blood occurs under normal osmotic forces. It is appar- 
ent from a study of table 10 that osmosis thooi-y as outlined docs not account 
for the quantitative aspects of transport of water between gut and blood. The 
largest discrepancy between calculation and obscivation is in the case of net 
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BIO Yemen ts. In each case the obseived net movement is more than sixty times 
what Avould be expected. It may be noted that the hj’potonic solution shows 
net absorption 200 times gi'eater than prediction from osmotic theory, assuming 
Il"^out to be a correct measure of total directional movement. Moreover, for 
the “isotonic” solution the observed value is opposite in sign to prediction. 

Less assurance can be placed upon the R"'mio values because they are not as 
accuratelj’’ known, and because smaller proportionate differences between cal- 
culated and “obseiwed” values ai*e to be expected, but, especially in the case of 
the hypotonic solution, the difference of 10 cc. between calculated and “ob- 
served” is far too great for errors in measurement to be responsible. 

As noted above all the calculations just discussed are of simultaneous move- 
ments across the epithelium of a given loop of intestine or group of comparable 
loops and do not depend upon a knowledge of the absorbing area of the gut. 
The evidence from such calculations is the most compelling, but since other 


TABLE 10 

Mean rates of water movement between gut loops and blood eompared with predietions from 

osmotic theory 


SOLUTION 

1 

^out 

OBSER\'ED 

2 

%ct 

CAirOlATED 
FEOJI EQUATION 

114) 

3 

OBSERVED 

4 

R W 
^into 

CALCULATED 
FROM EQUATION 

[IS] 

5 

rW 

^into 

‘‘observed”* 

Hypotonic 

|||__| 

+0.05 

+9.2 

■Qnjill 

WBM 

“Isotonic” 


-0.01 

+1.7 



Hypertonic 

■B 

-0.07 

-4.7 

HEQII 

■B 


* The values in column 5 are derived by substituting from columns 1 and 3 into equation 
(9). They are really inferred rather than observed figures.' They may be in error to the 
extent that Rout and Knot measurements are inexact. 


data bearing on the same question are available, they should be considered for 
what they' may be worth as corroborative evidence. 

It is ordinarily considered to be permissible to use adjacent loops of gut of 
the same lengths for comparison of absorption under different conditions. If 
tliis type of control is adequate the data presented have additional implications. 
First, it is seen (fig. 1 and table 10) that R"^out does not vary in linear propor- 
tion to the water activity in the gut, values for which appear in table 9. If it 
be assumed that simple diffusion is the mechanism of water movement from 
gut to blood and one calculates R'^'out values expected at various salt concentra- 
tions, taking the “isotonic” solutions as the standard of reference one would 
expect the values for the hypotonic and hypertonic solutions to be 11.12 and 
11.03 cc. instead of the observed 21.2 and 7.4 cc., respectively. The predicted 
difference between the 0.369 M and 0.066 M solutions is 0.1 cc. and the observed 
is 13.8 cc., or 138 times the predicted value. This difference is relatively very 
large, and could scarcely be due to obsen'^ational eiTor. 

In contrast to the unpredictedly large variation in R'\ut for salt solutions of 
various concentrations, the values for R'^into do not appear to depend upon the 
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salt concentration in the gut in these experiments to any large extent. This 
result is in itself not out of hannony with simple osmotic theory but it would 
likewise be predicted from any theory which depended upon constancy of 
blood composition and membrane properties. However, the observations are 
incompatible with any theory which would invoke an effect of salt concentra- 
tion in the gut upon water movement into it. 

A comparison of R'\ct values observed at the various salt concentrations 
leads to significant inferences. If the value for the hypotonic solution is used 
as a base for calculation, the expected R^nct value for the hypertonic solution 
should be —35 cc., instead of the observed —4.7 cc., a difference outside any 
possibility of observational error. The comparatively low observed R^'nct for 
the hypertonic solution is out of harmony with a simple osmotic theory of trans- 
port. 

The calculation for expected net movement makes no assumptions except 
that the diffusion law holds and that adjacent loops can appropriately be con- 
sidered as having identical properties and can therefore be used as simultaneous 
controls. The validity of the conclu.sion does not depend, therefore, on the 
accuracy of measurement of total directional rate of water movement. 

However, the comparison of movement rates in adjacent loops filled uath 
different solutions depends for its justification upon the assumption that the 
permeability of the living epithelium to water is not significantly altered by 
the solution composition changes. Since the living epithelium appears to make 
an active contribution to transport it is not possible to consider changes in rate 
of water movement across it as measures of permeability differences. In some 
way the active and the passive components of the membrane effect will have to 
be separated one from another. Since the possible effect of the osmotic pres- 
sures of the solutions bathing it on its two sides upon the peimeability of a 
membrane to water is extremely important to the interpretation of the data 
presented, we have performed experiments on non-living membranes. We 
have employed for thi.S purpose the cellophane membrane, which, according to 
Sollner (10), is practically devoid of electrochemical activity and therefore 
.should not introduce complications due to abnormal osmosis. 

A cylindrical membrane 15 cm. long was prepared from 28 mm. cellophane 
tubing. It was filled with 30 ml. of cither water or salt solution of composition 
indicated in figure 2 containing about 1 per cent DsO, suspended in 600 ml. of 
cxtenial liquid of compo.sition indicated, and stirred with motor driven glass 
rods and vanes. The decline in concentration of DoO in the internal liquid 
was measured over time. The changes in volume of the internal solution over 
the time of obsenmtion were not measured in this scries of experiments, but 
other observations have shown that they would be of the order of 10“^ times 
the volume of the internal solution and are therefore negligible for the purpose 
at hand. 

The results are shoun in figure 2, where it can be seen that the rate of loss of 
DjO from the internal solution over 10 minutes is not measurably different 
when the inside and outside liquids are a, water; b, NaCl solutions of equal 
concentration, or c, NaCI solutions of differing concentrations. The rates arc 
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the same, within the limits of accuracy of measurement, regardless of whether 
the net osmotic flow is in the same, or in the opposite direction, as the direction 
of DoO transport. Thus it is evident that the rate or direction of net osmotic 
flow does not greatlj’’ influence water exchange by diffusion, and that the os- 
motic pressure of the solution bathing the cellophane membrane does not deter- 
mine its permeability to water®. 

These model experiUients appear to prove that, for membranes beha\Tng hke 
cellophane, water permeabilit 3 ’- is not influenced bj^ osmotic pressure changes 
over the range of physiological impoidiance. A similar stud}^ of natural mem- 
branes is imder way and 'svill be reported later. 

One complication in the method emplo 3 ’’ed for measuring total dh-ectional 
movement of water by DnO tracer measurements must be discussed. When 
D 2 O enriched solutions are placed in a* gut loop there is exchange 'wdth all of 
the water in adjacent intestinal epithelium to wliich there can be access through 
water-permeable membranes. In other words a part of the D 2 O leaving the 
gut lumen in these studies may not be transferred to the blood at all but be left 
in the intestinal wall. In this case the calculated R,"^out would be fictitiousl 3 ’^ 
high. This point is cmcial to the validit 3 ’^ of the foregoing conclusions. If 
is reall 3 ’' smaller than the figures given above would indicate, several 
points are of interest: 1. The discrepanc 3 ’' between calculated and observed 
values of would be increased, thus making the classical osmotic tlieor 3 ’’ 
still more imtenable. 2. The differences in R'\ut for solutions of various salt 
concentrations might be partiall 3 ’' accounted for b 3 ’' such a phenomenon. Epi- 
thelial cells should take up water from hypotonic solutions and should give 
up water to hypertonic solutions and therefore the entrance of D 2 O into cells 
should be greatest in the first and least in the last case, being intermediate for 
the isotonic solution. This would agree vdth the trends observed. Therefore 
it is e^^dent that some part of the differences in R'^out observed at various salt 
concentrations may be due to this effect. 3. An attempt has been made to 
assay the possible error due to the “storage” of D 2 O in the epithelium. We 
have found that 5 to 10 per cent of the D 2 O leaving the lumen of the intestine 
may be in the mucosa after a 10 minute, period of absorption from isotonic 
solutions. Therefore, we estimate the probable error in calculated rates from 
this sovu’ce to be not more than that value. A correction of this magnitude 
would not alter previous conclusipns. 

Attention is next called to table 6 in which it appears that when mixtures of 
NaCl and Na 2 S 04 in isotonic solution are placed in ileal segments the value 
R^out is almost identical with that found with isotonic NaCl (table 4). The 
values for R^into are significantly but not gi’eatly different m the two series. 
The intimate reason for the latter difference is not ob^*ious, but the difference 
coiT'elates vdth the lower value for R^nct in the presence of SO4 ion in fairly high 
concentration. 

The data in table 2 and the calculations shown in tables 7 and 8 are from 

® These measurements are not accurate enough to detect the small differences in total 
directional movement caused by the changes in water activity due to altered solute con- 
centration. 
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another set of experiments, in which loop segment lengths and initially inserted 
volumes were bothjarger than in the experiments in table 1. Therefore abso- 
lute values of rates cannot be compared, but the ratios can be. For isotonic 
^^aCl the ratio into equals 1.37, as the average of the two obseivations 

made. This compares with 1.17 noted in the larger series in table 4, The 
difference is not outside the range of variation obseiwed in the larger series and 
cannot be considered significant. W'Tien IS[a 2 S 04 is considered, the value for 
R^out is not significantly different, but the ratio R^out/R^into for the two Na 2 S 04 
experiments is 1.02. This ratio is also within the spread of obseiwations for 
isotonic NaCi and cannot be called significantly different. - It should be pointed 
out, how'ever, that the exT3ected ratio should approach 1,00 W'hen R^ct equals 
zero, as it does frequently with isotonic Na2S04 in ileal loops. A zero value for 
R\ct with isotonic ISTaCl is definitely unusual, and when it occurs is believed 
to result from previous injury to the intestine or to stimulation of the intestinal 
glands. 

The main facts concerning the movement of w'ater may now be re-stated. 
1. The total directional movement of water from gut to blood as measured by 
isotopic tracer methods has been compared with the net transport measured 
directly. T\hen osmotic gradients exist the net movement is sixty or more 
times that w^hich w'ould be predicted on the basis of osmotic theoiy. This 
result is derived from simultaneous measurements on single 'loops of gut and 
does not depend upon any assumptions as to absorbing area, diffusion distance 
(membrane thickness) or membrane permeability, e.xcept that these constants 
are effectively the same for movement of water by diffusion in the two direc- 
tions. 2. The total dii’ectional movement of water from blood to gut, obtained 
from substitution of observed values for and R^out into the equation 

R'^into = R^ont — R^nct, is found to be at variance Avith the quantities calcu- 
lated on the assumption that R^out represents the directional movement by 
diffusion. The discrepancy is greatest in the case of hypotonic gut solutions. 
As in the previous case, this conclusion depends upon simultaneous measure- 
ments on the same segments of intestine and therefore could not be vitiated 
b}'- any plausible observational errors. Any escape from the conclusions re- 
sulting would have to come by discoverj' of flaws in the application of osmotic 
theorj^ 3. If it be assumed that equal lengths of adjacent loops may appropri- 
ately be compared it appears that the total directional rate of movement out 
of the gut is about twice as great from 0.066 M FTaCl as fx’om 0.150 M or 0.369 M, 
The observed difference between 0.150 M and 0.066 M is 100 times the pre- 
dicted. 4. For the total directional rate into the gut, the “observed” values 
are nearly the same regardless of salt concentration changes in the gut. 5. The 
net movement between gut and blood does not follow' predictions from 
simple osmotic theoi^'. This last obsen'ation is independent of the validity 
of the isotopic tracer method of measuring directional rates of movement. 
However, it is not as conclusive as the former because the assumption under- 
Ijdng its interpretation, that the penmeability' of the gut wall to w'ater is un- 
changed by alterations in salt concentration, is untested. Therefore the tracer 
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studies on simultaneous movement must be considered as the major evidence 
for the conclusions reached. 

V. Diffusion processes and ion transport. Due to electrical forces the 
movement of a single ion species across a barrier cannot be considered without 
taking into account transport of ions of the opposite sign or exchange with those 
of the same sign. Consequently, the treatment of chloride ion movement rates 
cannot disregard the simultaneous diffusion of counter ions and exchange. As 
far as the first is concerned, it is probably fair to assume as a first approxima- 
tion that sodium and chloride ions can move simultaneously from gut to blood 
and in tlie reverse direction nfth ease. At an 3 ' rate thej’’ both pass from one 
to the other readily, as manj’- earlier observations have shown. Therefore it 
seems justifiable to test whether or not observed movement rates obe}' the pre- 
dictions of diffusion theoiy. 

The chloride transport rates can be treated as were the ^'aIues for water move- 
ment. Equations 14 or 15 allow one to determine whether the observed ratios 
between R'^'out, and R*^^„ct, agree with calculations from one of those 

^'allies and the knovm (measured) , concentration gradients. The values for 
the above rates at the three NaCl concentrations emplo 3 ’-ed are shomi graph- 
ically in figure 3. The first point to wHch attention should be called is that 
R'^nct, at all values of [Cl"](, studied, is more than 50 per cent of R^^out. This 
is true even at 0.066 M NaCl per liter, where the chloride concentration gradient 
is negative, the plasma level being about 0.100 jNI. In this case net movement 
uf chloride b 3 ’’ diffusion from gut to blood should bo negative. Calculating 
from the observed R^'out according to equation 16 the expected value for R^\ct 
would be —0.21, in contrast with the obsoiwed value -fO.35 mE per 10 minutes. 
The obsei-ved large positive absorption is out of harmon 3 ' with the classical 
diffusion theoiy of transport. 

Likewise, in the case of the isotonic solutions of mixtures of NaCl and Na 2 S 04 , 
the direction of movement is opposite to diffusion theoiy prechetion. From the 
concentrations given in table 1 it can be seen that the mean value for [Cl~]i, 
over the time of absorption in these experiments, designated as d is 0.070 mE 
per liter. The mean plasma [Cl“] is about 0.100 mE per liter. From table 6 
it appears that R^o«t is 0.51 mE per 10 minutes. From equation 14 one calcu- 
lates that R^nct should be —0.15, if due to diffusion. The value found, table 6, 
is 4-0.24 mE per 10 minutes. Again it seems that this net movement depends 
on other than siinjile diffusion forci^s®. 

® A common suggestion .^s to the mechanism of establisliment of concentration difTer- 
cnces across living membranes is that differential permeabilities to various ion species 
allow the setting up of membrane equilibria of one or .another sort. In this way, it is 
supposed, concentration energies of one component may bo utilized to drive other com- 
ponents against concent r.at ion gradients so as to perform work on the second component. 
This mechanism m.ay operate in some instances to produce and maintain concentration 
gr.adicnts. The question in point is as to whether it is of importance in the situation under 
discussion in this paper. 

In any membrane equilibrium the following relation between active concentrations 
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. At the NaCl concentration 0.150M the expected value for calculated 
from equation 14 and the observed E^ut, would be 0,25 mE per 10 minutes. 
The measured value is 0.48 mE per 10 minutes. The difference between the 
two is greater than the exiDcrimental error. 

In the case of the hypertonic solution the calculated E^Ut is 0,68 as compared 
vlth the observed 0,61 mE per 10 minutes. Here there is no inherent disagree- 
ment. However, in view of the discrepancies in .sign and in magnitude in the 
other two cases, it seems necessary to conclude that the agreement in the case 
of the hypertonic solution is probably fortuitous. 

If the chloride movement rates in adjacent loops are compared one finds, 
as in the case of water movement, that the rates are not in proportion to the 
concentration differences. For E'^Ut the value at 0.066 M NaCl is 0.62 mE 
per 10 minutes. With 0.369 M NaCl one would expect about 6 times as great 
an outward movement, or 3.60 mE per 10 minutes. The obsen^ed value was 
0.93 mE per 10 minutes. For the isotonic solution a comparable discrepancy 
exists between expected and observed rates. Similar diflBcuIties are encoun- 
tered if one compares net movement rates under the several concentration 
conditions. It can be concluded that if adjacent loops can be considered to be 
comparable, and if the concentration differences do not in themselves cause 
permeability changes, these data are out of harmony wth classical diffusion 
theory'' as regards chloride movement. 

The movement of chloride from blood to gut is remarkably independent of 
its concentration in the intestine. The mean values of E^jnto for the hypo-, 
iso- and hypertonic solutions respective!}' are 0,28, 0.28 and 0.32 mE per 10 
minutes. This finding is in line with the fact that the plasma concentrations 
remain a constant, but if forces other than concentration gradients are causative 
for movement, the above finding would indicate that whatever forces move 
material from blood to gut they are largely independent of mii-univalent salt 

must prevail at equilibrium with respect to any and all univalent ions to which the mem- 
brane is permeable. 

[Cationjt X [Anionji = [Cation]: X [Anion]: [16] 

Furthermore, in any such system proceeding toward equilibrium the changes in ion con- 
centration products must be in the direction toward the equilibrium condition. It has 
previously been pointed out (11) that when uni-univalent salt impoverishment occurs in the 
intestine the reverse phenomenon is seen. 

However, a point which could not be settled previously is now elucidated. The present 
isotope studies show that the permeability of the gut to sodium and chloride ions is about 
the same, as judged by the values of R*^^out and R^'“out under comparable conditions, as 
can be seen in tables 4 and 7. Allowance must be made for the somewhat larger absorb- 
ing area (loop length) in the sodium experiments. Thus it cannot be assumed that the 
gut wall is impermeable to cither Na"^ or Cl". This supposition had, as a matter of fact, 
been rejected earlier, on the basis of indirect evidence. The isotope studies serve, how- 
ever, to make the rejection imperative. Equation [10] must, therefore, hold if a membrane 
equilibrium accounts for the concentration changes. Since the deductions of equation 
[16] are not verified it must be concluded that absorption of uni-univalent salt counter to 
concentration gradients is not due to membrane equilibrium effects. 
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, -concentration in the intestine, because that concentration was varied over a 
ninefold range in these studies. This is in remarkable agi’eement with the 
findings in connection wth water movement from blood to gut, which is also 
virtual^ independent of gut fluid salt content and osmotic pressure under the 
conditions studied^. 



Mean concGntration of NaCI, mW/ liter Mean concentration of NaCl ,mAA/liter 

I'ig. 3 Pig. 4 


Fig. 3. Rate of chloride ion movement between gut and blood calculated from isotopic 
tracer and analytical data. 

Fig. 4. Apparent concentration of chloride ion in the water moving between gut and 
blood in relation to gut fluid salt concentration. 

/ 

A further observation which may be important is seen in the calculations of 
in tables 7 and 8. There it will be seen that the average values for this 
rate are 1.63 for isotonic NaCl and 0.92 for isotonic Na 2 S 04 , The ranges of 
variation are rather large, but in no one of the eight cases in w'hich adjacent 

T The lack of dependence of R into upon [Cl"]» is superficially at variance with what 
was found for movement of sodium between ileal loops and plasma in chronic fistula dogs 
(1) . In the earlier studies the comparison of differing sodium concentrations were made 
in isotonic solutions in wliich a divalent cation replaced varj'ing proportions of the sodium. 
Under such circumstances the rate of entrance of sodium from the blood increased with 
the gut sodium concentration. The present studies do not duplicate that condition and 
therefore are not comparable. 
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loops were used simultaneously was there an instance in which the direction of 
difference was reversed. Statistical treatment of the values for the differences 
in individual experiments shows that a difference in the direction indicated i.s 
extremel}’’ probable. Such a difference is in spite of a higher sodium concentra- 
tion gradient in the Na 2 S 04 case which would by itself reverse the difference. 
Since the only other difference is a substitution of a divalent for a univalent 
anion it seems not unlikely that that circumstance is responsible for the de- 
crease in oul- The most plausible inference would seem to be that the lower 
peimeability of the gut to sulfate than to chloride is responsible for impeding: 
the movement of the cation. 

VI. Apparext coxcextratioxs of ioxs IX WATER MOVED. If the amounts 
of water and of particular solutes moving in a given direction, per unit of time, 
are knovm, it is a simple calculation to arrive at the “apparent” concentrations- 
of solutes in the water moved. It seems wise to refrain from suggesting that 
the concentrations are real, or actual, because nothing is knowm with certainty 
about the locus or mechanism of fluid or solute transport. Therefore the cal- 
culated values will be considered as virtual or apparent until more is knovm 
about the details of transport. 

The relationships in question can be visualized most readily in gi-aphic form. 
In figure 1 and figure 3 are shown the calculated rates of movement of water 
and chloride ion from solutions of various concentrations derived from tables 
3, 4 and 5. In figure 4 are presented the con-esponding calculated apparent 
concentrations of chloride ion drawn from the same tables. It is important to 
note again that these comparative concentration values do not depend upon 
any assumptions as to identity of absorbing area in the different experiments, 
and especially that the differences in concentration in the outgoing and ingoing 
streams cannot be rdtiated by any such defects in experimental situation. 

It is obvious on inspection of figure 4 that the apparent concentration of 
chloride in the water mo\dng from blood to gut, [Cl“]“into is rdrtuall}'^ constant 
over the concentration range from a third to three times isotonic hTaCl. On 
the other hand the apparent concentration in the water leaving the gut, [Cl“]“out, 
rises in direct and nearly linear , relation to [Cl~]g, over the range studied. 
Turther, at all values of [Cl-jj,, [Cl“]®tmt >[Cl~]°j„to, and at the higher concen- 
tration range the difference becomes very large. 

It will also be noted that the mean value for [Cl~]®i„io, about 27 mE per liter, 
is approximately a fourth of the blood plasma chloride level. Tliis low average 
value is of interest, but the fact that it is derived from individual figures show- 
ing a spread from zero®, to 83 inE per liter is also important. Since eight ana- 
lytical figures enter into each value for [Cl-]“out and [Cl-]“into, it would lie un- 
realistic to expect great reliability for any given figure. The random error in 
chloride analysis in the concentration range in question is 2 per cent, in radio- 
activity measurement under the conditions employed, the individual error 
may be 5 per cent, in DjO analysis 5 per cent at the concentrations used, and 

® In two cases out of forty, values slightly below zero were calculated, whose signifi- 
cance was discussed in a footnote to table 4. 
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in volume measm’ement 5 per cent. Since, finthermore, the percentage error 
can increase when differences -in measurements are emploj'^ed it is more signifi- 
cant to consider a maximum absolute error. It is believed to be about 20 mE 
per liter for the values under consideration. However such an overall error is 
unhkclj’' to occur often, and the majority of the deviations from the means 
observed are apt to result from real differences®. If the observed differences 
are largelj’’ real it would be concluded that different ileal preparations would 
show varying values for [Cl~]“into, some of which values would approach zero. 
Considerable variation in ileal loop behavior from one animal to another, and 
in the same animal from day to day has been noted before (1, 12). 

Reference to table 6, column 9, will show that in the case of isotonic NaCl- 
Na 2 S 04 solutions in ileal loops the mean value for [Cl“]“into = 20.7 mE/\. If 
the value 49.3, Avhich is obviously out of line, is eliminated, the mean drops to 
16.0 mEf\. This is a very low concentration, about one-third of that calcu- 
lated for the simultaneous [Cl“]“out. 

These relationsliips, if correct, have obvious and important implications. 

VII. Fluid circuits in intestine-blood transport. If it is permissible 
to employ D 2 O as a tracer for water movement it follows from the data which 
have been presented that there is continuous movement of water both out of 
and into the gut. It has been pointed out that the rate R"^out is far too small 
in relation to R^not, for hypotonic solutions, to permit the conclusion that a 
major share of the movement is by diffusion, or in other words that the net 
transport is due to normal osmosis. It has been noted, too, that the change in 
R'^out, and m its ratio to R^'into, vith change in salt concentration in the gut 
is many times (a hundred or more) greater than would result from the difference 
in osmotic activity. 

The evidence therefore iudicates that forces other than diffusion account for 
the majority of the movement of water between intestinal lumen and blood. No 
movement can occur without a driving force and it is therefore apparent that 
if the foregoing conclusions are correct, the movement of water across the in- 
testinal* epithelium is brought about by some sort of forced flow. ^ Since water 
movement occurs in both directions simultaneous^’' there is obviously a func- 
tional circuit of fluid. 

Simultaneous measurements of ion movements by isotopic tracers have pro- 
vided the data on the basis of which it became possible to calculate the apparent 
concentrations of such ions in the water moved, as was noted in section VI. 
These values acquire importance particular^ in connection with the problem 
of absorption from gut to blood against concentration gradients. It was noted 
that the mean value of [Cl-J^into in the presence of NaCl solutions was foimd to 
be 27 mE/\, even \vhen [Cl~]p = 480 mE/l., and that in the presence of isotonic 
NaCl-Na 2 S 04 solutions the most likely value for [Cl“]“into is 16 mE{\. 

Net absorption of chloride ion occurs if R^'out > R*^'into- This situation must 
exist when [Cl~]“out > [Cl~]°into and R^out > R^into- Further, it can occur 

® The maximum unquestionable error, evident as an irrational value, found in these 
studies was 6.6 mE. per liter. 
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even if R^out is less than R^into, providing [Cl-]“into is sufficiently much smaller 
than [Cl“]“out. It happens that [Cl~]“into is very considerably less than [Cl~]“out 
under all circumstances studied in which net cldoride absorption was observed. 
Thus it appears that this condition is essential to the occurrence of net absorp- 
tion of ions. The same type of obseiwations have been made in the case of 
sodium ion and the same deductions must therefore be dranm. Ions can be 
absorbed against large concentration gradients if [Ion]“out ^ ilon]“i„to and 
if R^^out has the proper relation to R^mto- The necessary relation is that the 
latter value be small relative to the former for most rapid absorption to occur. 

The reader may l^e, as the authors have been, distm-bed by the fact that the 
validity of much rather involved calculation is implicit in these conclusions. 
Therefore a simple check of the final deduction seems desirable, and fortunately 
is available. The ultimate factual deduction to be made from the studies herein 
reported is that, in the fluid circuit-between gut and blood, the solution of salt 
ions entering the gut is more dilute than the one leaving it. In such a situation, 
imless other unmeasured solute enters, the gut solution should become progi-es- 
sively more dilute as time of absorption proceeds. If it began as an isotonic 
solution it should become hypotonic during absorption. A test of this predic- 
tion is found in earlier observations, (13, 14), and it is found to be confirmed. 

When isotonic solutions are absorbed it has been found that in 20 minutes 
they become hypotonic to the extent of 10-40 wAI NaCl, osmolar equivalents^®. 
The exact magnitude of the change to be expected is difficult to calculate but 
the general extent and direction of the change constitute qualitative and per- 
haps rough quantitative confirmation of the above prediction. Reference to 
tables 4, 6, 7 and 8 will show that in the case of isotonic solutions the difference 
between [Cl"]%ut and [Cl“]°into, and the corresponding sodium values, range 
on the average between 20 and 40 mE/l. This difference does not necessarily 
correspond with the expected change in osmotic activity, because the absolute 
values of [Cl“]“out and R^'^out must also be knomi to make a calculation. Fur- 
thermore, the concentrations of any other osmotically active solutes in the 
moving fluid .must be knowm. Since they are not, no attempt will be made to 
arrive at an exact quantitative prediction at this time. It is obvious, however, 
that the measurement of a complete balance, to be checked by osmotic activity 
measurements, is desirable in this connection. 

The evidence on which the deduction that a forced flow of fluid occurs in a 
circuit bet%veen gut and blood is based, may now be summarized. 

1. There is simultaneous movement of w’ater in both directions betw^een gut 
and blood. 

2. The relations between the rates of total directional movement and net 
movement of wRter are incompatible with the view that simple diffusion causes 
the transport. 

The papers referred to above contain a small part of the data at hand on this point. 

A future publication by Dr. B. R. Roepke and one of the present authors will present 
additional evidence bearing on this problem. 
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3. There is simultaneous movement of ions in both directions between blood 

and gut. ■ 1 

4. Neither the net movements nor the total directional movements of inor- 
ganic ions nor the ratios between such rates are in hamiony with predictions 
from concentration relations alone. 

5. The apparent concentration of inorganic ion in the water moved from gut 
to blood is approximately a linear function of ion concentration in the gut 
lumen over the range studied. 

6. The calculations of apparent concentration of ions in the water moving out 
of and into the blood lead to the prediction that isotonic solutions of XaCl 
should become hj’-potonic during absorjition. This prediction is in agi-eement 
vdth earlier observations on this point. 

An alternative to the fluid flow theory would require a set of remarkable coin- 
cidences to occur to account for the facts outlined. If water and solute move 
independent!}’’ it would be necessaiy to have some interdependent sets of con- 
trols about which nothing is knovTi, because the movements are not in accord 
with any diffusion hypothesis which has been suggested. 

The facts presented in this paper are at variance in one point from the theoiy 
of uni-univalent salt impoverishment bj’’ a fluid circuit between intestine and 
blood presented earlier (15). In that presentation it was suggested that the 
fluid leaving the gut carried uni-univalent salt in the concentration existing in 
the gut fluid at that time. The'values for [Cl"]%ut and [Na’^JVt presented in 
this paper show that this interpretation is not possible in its simple form, be- 
cause in no instance did the apparent concentrations just referred to equal the 
actual concentrations in the gut fluid at the same time. In general it appears 
to be a rule that [Cl’“]“oui bears a close and nearly linear relation to [01“]^ but 
is not identical with it. 


SUABIARY AND CONCLUSIONS 

Isotopic tracers have been employed in the simultaneous stud}’’ of water, 
chloride and sodium movement between ileal lumen and blood. The rates of 
movement of water and the salt ions in the two directions, gut to blood, and 
blood to gut, and their resultant, the rate of net transport, have been "derived 
from experimental data. 

It has been observed that the rate at which DoO leaves the gut is strongly in- 
fluenced by the salt concentration. The rate with a one-third isotonic solution 
is more than twice that foimd with hypertonic solutions. The calculated rate 
of water movement into the gut from the blood is nearly independent of the os- 
motic pressure in the gut. The net water movement from gut to blood depends 
in general in direction and magnitude upon the osmotic acth’it}’’ gradient, ex- 
cept in the case of solutions near isotonicity, which are absorbed although the 
osmotic activity gradient may be zero or negative. 

The rate of movement of DoO through a cellophane membrane is not measur- 
ably influenced by the magnitude or direction of the NaCl concentration gradient 
across it under the conditions of observ’-ation employed. 
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The rate of chloride movement from gut to blood increases vdth increase in 
chloride concentration, but not in linear proportion, as might he expected in a 
diffusion system. The reverse movement is independent of gut chloride con- 
centration, within the limits of error or measurement. 

The rate of sodium movement from gut to blood is greater from an isotonic 
chloride than an isotonic sulfate solution, although the gut sodium concentration 
is higher'in the latter case. The presence of an anion to which the gut wall is 
relatively impermeable apparently impedes the movement of cation. 

It has been shown that the expeiimentally derived ratios between total di- 
rectional rates and net transport rates differ as much as 200 fold from the ratios 
predicted on the assumption that movement is by diffusion. In certain in- 
stances, moreover, the direction of movement is the reverse of that predicted. 
These observations refute the commonly held belief that net water movement 
between ileum and blood occurs primarily because, of normal osmosis. They 
are also incompatible vdth the view that concentration gi'adients are the major 
cause of chloride and sodium ion movement between the normal gut and the 
blood. 

Calculations of the apparent concentrations of chloride ions in NaCl solutions 
in the water moAung out of the gut show that this value is proportional to the 
ion concentration in the gut fluid, but that the apparent concentration in the 
water moving into the gut is practically independent of the concentration 
in the latter. 

The apparent concentration of chloiide and sodium ions in the outgoing fluid 
is greater than in the ingomg fluid, under the conditions tested. It was pre- 
dicted from the latter facts that isotonic solutions undergoing absorption should 
become significantly hj^iotonic. This prediction is found to be verified by 
studies already published. 

These obseiwations are in harmony vith the hypothesis that there is a forced 
flow of fluid across the intestinal epithelium in both directions simultaneously 
and that differences in the solute content of the water in the two streams and 
the relative rates of the streams determine the direction and magnitude of the 
net transport. 
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It has been generally concluded bj' experimental workers that pressor drags 
have little or no beneficial effects on the treatment of shock. The evidence for 
such a conclusion is based on a, experiments which indicate that tremendous 
quantities of epinephrine can produce a shocklike state, and b, negative results 
under a wide variety of so-called shock conditions. The first type of evidence 
results from obviously radical and unphysiologic procedures. The efficacy of 
pressor drugs, in the second case, has been tested in forms of shock with variable 
and unpredictable percentages of survival, or under conditions where the veiy 
existence of a state of shock was questionable. 

For the past two years this laboratory has employed a standardized method 
of producing hemorrhagic shock in dogs in which shock occurs within 6 hours in 
75 to 80 per cent of the animals. Recently, the mortalit}' rate has increased to 
100 per cent by maintaining the dogs at a slightly elevated temperature (1). 
A large number of control obseivations has made it possible to predict nith some 
accuracy the surmval time of a dog in hemorrhagic shock. Thus, under such 
conditions, it seemed desirable to test the effect of a pressor drug on the suindval 
time when the drug was administered during the hypotensive period. Such in- 
foi-mation should indicate in a qualitative way whether an augmented vasocon- 
striction acts in a beneficial or a deleterious manner on the surruval of dogs in 
.shock. 

XeosAmephrin, because of its prolonged action and reputed lack of effect on 
the myocardium (2, 3, 4), seemed to be the pressor drug of choice. 

^Methods. Mongrel dogs weighing 9 to 15 kgm. were used in this study. The 
animals received 3 mgm. of morphine per kgm. about one-half hour previous to 
an anesthetic dose of sodium barbital (ca. 200 mgm./kgm.) administered in- 
travenously. The surgical preparation consisted of inserting a tracheal cannula 
and cannulating the femoral arteiy and vein on the left side and the femoral 
arteiy on the right. Mean blood pressures were recorded from the right artery 
by means of a raercurj’’ manometer. 

Following the procedure adopted in this laboratory for producing hemor- 
rhagic shock (5) the dogs were bled until the blood pressure fell to 50 mm. and 
this pressure was maintained for approximately 90 minutes. Heparin (Liquae- 
min-) was used as an anticoagulant. At the end of the 50 mm. hypotensive 
period the blood pressure was lowered to 30 mm. by withdrawing more blood, 
or, if it was inclined to do so, the blood pre.ssure was allowed to fall to 30 mm. 

1 This investigation was supported by a grant from the Commonwealth Fund. 
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spontaneous^. The infusion of a 1 to 5000 solution of neosj^neplu’in" in normal 
saline began Tidthin 3 minutes after the blood pressure reached 30 mm. 

The rate of infusion was adjusted so that the blood pressure general held 
between 50 and 75 mm. of mercury. The average rate of infusion approximated 
2 cc. per minute. The elevated blood pressure w'as maintained for a period of 
34 to 45 minutes and then allowed to fall. Immediate^ following the passing 
off of the neosjmephrin effect, usually within 5 minutes, the dogs were reinfused 
with their o^vn blood and the subsequent course of events observed. Those 
animals winch gave indications of suiwi\ing for some time had then wounds 
closed and w’ere placed in cages for obseiwation. Suiwival times are calculated 
from the end of reinfusion to death. Rectal temperatures of 38 to 39°C. were 
maintained throughout the experiments. 

Results. Twelve dogs were used in this stud3L Eight of these suiwived the 
infusion of neosynephrin during the severe!}’' hj'potensive period and ultimatel}' 
died in a state of shock. One dog suiwived indefinitely and three died during 
the administration of neosjmephrin. Onlj' those dogs w’hich sur\dved the neo- 
sjmephrin treatment and reinfusion of their own blood and subsequent!}' died 
are considered as shocked animals. The results of this study are summarized 
in table 1. 

The average suiwival time of the dogs whose demise came as a result of shock 
was 13.4 hours Avith a range from 1.7 to 29.7 hours. The heterogeneous nature 
of the group and the few numbers make further statistical treatment meaning- 
less. However, these suiwdval times can be compared to those obtained in a 
larger control group. The average suiwdval time in a comparable control group 
of 23 dogs was 5.3 hours with a range from 2 to 13 hours (1). 

The death of three of the dogs during neosynephrin treatment was attributed 
to cardiac failure. One of these exhibited ventricular fibrillation shortly after 
the beginning of infusion (expt. 1). Since this was the first experiment, the 
outcome might have been due to the too rapid administration of neosynephrin, 
although at the time the blood pressure w’as not excessively high (70 mm.). 
The other two deaths w'ere characterized by cardiac irregularities developing at 
some time after the beginning of infusion. One of these, experiment 10, gi-eatly 
resembled vagal inhibition with subsequent vagal escape. The heart completely 
stopped for a few seconds and then resumed beating for 10 to 15 strokes and 
stopped again. This occurred six consecutive times. At such low pressure the 
outcome was inevitable. This observation is interesting in view of the opinion 
expressed by Keys and Violante (4) that the bradycardia observed after neo- 
synephrin is 'vagal in origin. 

All of the dogs in a state of hypotension exhibited some adaptation to the 
neosynephrin. The rate of infusion had to be constantly increased in order to 
maintain a fairly constant level of blood pressure. Even increasing the infusion 
rate did not maintain the pressure in two of the dogs w^hich later developed car- 
diac irregularities (expts. 10, 12), and in the twm which had the shortest survival 

- The author is indebted to Roche-Organon, Inc., for the Liquaemin, and to Frederick 
Stearns and Company for the Neosynephrin used in this study. 
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times (expts. 5, 11). The heart slowed only in a few cases after beginning the 
neosynephrin infusion. This is at variance with the observations of Keys and 
Violante (4), but in harmony vith the clinical findings of Johnson (3, 6) who 
found that slowing of the heart did not occur w'hen neosynephrin was adminis- 
tered during a hyiiotensive period. 

Autopsies were perfoimed on all dogs. Petechial hemorrhage in the duodenal 
mucosa w^as seen in all cases, but the severit}'- varied considerably. The dogs 
which .sunived the longest exhibited the most marked congestion and hemor- 

TABLE 1 


The survival time of dogs treated with neosynephrin during the severe hypotension following 
hemorrhage and subsequently reinfused with their own blood 


EKPT. NO. 

WZIGHT 

nEMOR- 
RHAGE, 
PER CFNT 
BOOY ’rtXIGnT 

RANGE OF 
PRESSURE 
DURING 
NEOS\N- 
EPHREV 
INFUSION 

SURVIVAL 
miE AFTER 
RElNFUSroN 
OF BLOOD 

REMARKS 


kgm. 

jitr cent 

mm. 

hours 


1 

9.0 

1 

5.5 

50-65 

0 

Ventricular fibrillation 10' after be- 
ginning neosj’-nephrin infusion 

2 

9.5 

7.5 

50-60 

29.7 

Gut severely hemorrhagic 

3 

10.0 

5.3 

65-70 

11.6 

Gut severely hemorrhagic 

4 

9.5 

4.7 

60-75 

Survived 

Dog normal after 3 days. No shock 

5 

11.0 

5.1 

45-70 

1.7 

Couldn’t maintain pressure with 
neosynephrin. Reinfusion started 
after 34' of infusion 

6 

11.5 

4.7 

70-75 

8.3 

Duodenum severely hemorrhagic 

7 

9.5 i 

! 

5.2 

62-70 

28.5 

Duodenum and heart congested. 
Bloody exudate in peritoneal and 
pericardial cavities 

8 

9.0 

5.3 

50-68 

3.8 

Gut slightly hemorrhagic 

9 

10.0 

5.1 

60-73 

20.8 

Gut hemorrhagic 

10 

13.0 

6.3 

60-80 

0 

Dog died 30' after beginning neo- 
synephrin. Vagal inhibition? 

11 

14.5 

6.2 

45-60 

3,8 

Gut slightly hemorrhagic 

12 

i 15.0 

7.2 

20-60 

0 

Cardiac failure. Gut slightly hem- 
orrhagic. Subendocardial hemor- 
rhage. Pericardial effusion 


rhage of the upper part of the gut. Those dogs \vhich expired only a few hours 
after reinfusion of their own blood and those wliich died of cardiac failure ex- 
hibited only a slightly hemorrhagic gut. Subendocardial hemorrhage, particu- 
larly in the left ventricle, was commonly found, but appeared more extensively in 
tw'O of the dogs w'hich died of cardiac failure (expts. 10, 12). No other significant 
pathologj’- Avas noted. 

Discussion. In order to produce hemorrhagic shock in the dog, the animal 
must be subjected to a period of extremely prolonged hypotension (5). Appar- 
ently, the damage which eventuates in irreversible circulatory failure occurs 
during this period. It Avas hoped that an experiment of the tjqje reported here 
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would give conclusive ewdence as to whether increased peripheral vasoconstric- 
tion during the severely’' hypotensive period increases or decreases the survival 
time of dogs in shock. 

A control series of 23 dogs subjected to hemorrhagic shock had a mortaht}'' 
rate of 100 per cent and an average sur\dval time of 5.3 hom-s with a range from 
2 to 13 hours. In the present series the average survival time of eight dogs in 
shock was 13.4 hours with a range from 1.7 to 29.7 hours. Three of the dogs in 
this small series hved longer than the maximum survival time in the much larger 
control series. Five exceeded the average of the control series. On the basis 
of this comparison, it is reasonable to conclude that an augmented vasoconstric- 
tion during the severely hj’potensive period increases the survival time. 

T^Tiile vasoconstriction theoretically results in a decreased blood flow through 
peripheral tissues it is possible and probable that the rise of blood pressure elic- 
ited by neosynephrin more than compensates for the deleterious effect of further 
peripheral vasoconstriction bj’’ increasing the blood flow through the more wtal 
centers. The increase in rtability of the respiratory and other brain centers maj’- 
allow greater insult to the peripheral tissues before death supervenes vdth a 
resulting longer survival time. At anj’’ event, the somewhat increased survival 
time indicates that the augmented A’^asoconstriction does have a slightly benefi- 
cial effect. A similar prolongation in sundval time has been also reported bj’" 
ICabat and Freedman (8) in traumatized cats by the use of slowl}'- absorbed epi- 
nephrine. The question of AA’hether such treatment is of real therapeutic value 
is open to debate, since no permanent improvement or recoveiy is apparent. 
Furthermore, the question of possible occurrence of mj'ocardial damage may 
contraindicate its use. 

Pharmacological studies on neosjuiephrin suggest that the dnig has little 
effect on the myocardium of normal animals (3, 4, 6). In this respect it is supe- 
rior to epinephrine. However, an animal in extreme hypotension can hardly be 
said to be normal and there is some eAudence that myocardial depression occurs 
(8) . The fact that three out of 12 dogs in this study died of cardiac failure during 
neosjmephiin infusion is sufficient warning that caution must be exercised when 
administering pressor drugs during extreme hypotension. ' While the effect of 
such drugs may not be directty on the myocardiiun, the added strain put on the 
already anoxic and laboring heart by increasing the peripheral resistance may be 
enough to precipitate cardiac failure. This may explain the decreased tolerance 
to neosynephrin obserA'^ed in hypotensive dogs. 

SUMMARY AND CONCLUSIONS 

Tweh’-e dogs AA^ere subjected to hemorrhagic shock by controlled bleeding. 
Neosynephrin was infused duriug the seA’^erety hypotensive period (30 mm.) at 
a rate which maintained the level of blood pressure between 50 and 75 mm. At 
the end of the infusion period (34-45 min.) the dogs were reinfused Avith then- 
own blood and the subsequent course of eA^ents observed. Eight of the dogs 
died in shock and one recovered from this treatment, while three dogs died of 
cardiac failure during the infusion of neosynephrin. The average surviA'-al time 



580 


DAVIB F. OPDYKE 


of the dogs dying in shock was 13.4 hours as compared to 5.3 hours in a control 
series. 

It is concluded that any increase in peripheral damage due to. an augmented 
vasoconstriction is compensated for b}’’ an increased how of blood through the 
\dtal centers resulting in an increased survival time, but no permanent improve- 
ment. However, the use of pressor drugs during severe hypotension seems to be 
contra-indicated because of the direct or indirect damage to the myocardium 
which may result from their use. The beneficial result of use of pressor drugs in 
the treatment of shock is questionable from a therapeutic standpoint. 
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Many interesting observations have been reported on the relationsliips between 
librinogen and fibiin. In the chemical studies, no sharp differences have been 
observed between these two compounds; physicall}', one can differentiate 
between these proteins very easily. The nature of the chemical or physical 
changes in the fibrinogen molecule caused by tlirombase, which converts it to 
fibrin, has not been established. Mellanbj’ (1) claimed that fibrinogen is spht 
into fibiin and a soluble globulin. These observations have been shovm to be 
wi-ong (2, 3). Pressnell (4) showed that nitrogen is split off when fibrin is 
fonned. He called tlu-ombase a proteoUtic fibrinogenase. This is undoubtedl}' 
wi’ong because recently Seegers (5) showed that purified thrombase contains 
no fibrinolytic acthdt 5 ^ Jaques (6) found that all the fibrinogen nitrogen 
appears as fibrin nitrogen but tliat some of the fibrin remains in solution. 
Wohfisch (7, 8) postulates a denaturation of fibrinogen and that the conversion 
is from a sol to an irreversible gel. He calls thrombase a denaturase. 

Man}’’ other substances possess thrombase activity. Eagle and Harris (9), 
Wohlisch and Juhling (10), Dyckerhoff and Gigante (11) showed that the 
proteolytic enzjmie, papain, coagulated fibrinogen. Eagle (12) also demon- 
strated that certain proteolj’tic snake venoms when allowed to act on fibrinogen 
produced a typical fibiin clot. Chargraff and Ziff (13) found that the addition 
of ninhydrin to fibrinogen solutions or plasma produced typical fibrin clots. 
This reaction did not require either calcium or thromboplastin and appeared to 
parallel the action of thi’ombase. Following up tliis work Chargraff and Ben- 
dich (14) extended the series of organic compounds which clotted fibrinogen. 
They did not call the end product fibrin but simplj’’ coagulated fibrinogen. 
The following substances in low concentrations were found to coagulate fibrin- 
ogen (in order of their activity): chloramine-T, potassium 1,4-naphthoquinone- 
2-sulfonate, sodium 1 ,2-naphthoquinone-4-sulfonate, ninhydrin, alloxan and 
salic 5 ’’laldehyde. Ferguson and Ralph (15) investigated the mechanism of 
fibrin formation by crj’-stalline papain, niohy’-diin and thrombase using dark 
field microscopy. The tj’pical fibrin needle-like meshwbrk appears to be 
identical when either thrombase or papam is used. Ninhydrm gives a pseudo 
clot, a flocculent, granular precipitate forms but no fibrin needles can be seen. 
They’’ state that ninhydrin is not a thrombase-like substance. Ferguson (16) 
in studying the action of thrombase on a purified fibrinogen solution states that 
the formation of fibrin under the specific influence of thrombase is not related 

1 Submitted in partial fulfillment of the requirements for the degree of Doctor of Phi- 
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to denaturative and digestive phenomena. Eecently Baumberger (17) sug- 
gested the interesting hsTJothesis that the long crystals of fibrin that make up 
the clot are the result of the lining up of molecules through the formation of 
bridging S-S groups produced by the oridation of the SH groups of fibrinogen 
by thrombase. 

Hanunersten (18) in 1879 suggested the possibility that in the conversion of 
fibrinogen to fibrin, an intermediary compound may be formed. Hiruma (19) 
also suggested an intermediate in the coagulation of fibrinogen in which fibrin 
was still in colloidal solution, but distinctly different from fibrinogen. Apitz 
(20) showed that Tvhen fibrinogen was either heated or treated with thrombase, 
a new substance was formed, which he called profibrin. It was characterized 
by 1, easier salt precipitation, could be flocculated out by either increasing or 
decreasing the sodium chloride concentration of the solution, 2, flocculation of 
adsorbents, i.e., barium sulfate, and 3, irreversibilit 3 ’’ of its precipitation. The 
pmrpose of this investigation is to studjr the factors which play a role in the 
conversion of fibrinogen to fibrin. 

Experimental. Sohibility studies. In the course of our investigations on 
beef fibrin, it was observed that there were some differences in the properties 
of fibrin obtained from defibrinated blood or recalcified plasma and that ob- 
tained when oxalated or citrated plasma is clotted ^vith thrombase. Both 
fibrins were obtained as insoluble clots but their solubilities in dilute acids and 
alkalies were different. Hekma (21) found that fibrin gels dissolve in verj'' 
dilute acids and alkalies and that alkaline solutions of fibrin may be made to 
gel again by addition of dilute acids. He suggests that gelation is a reversible 
process and believes that alkaline solutions of fibrin are identical with fibrinogen 
solutions, Barkan (22) found that fibrin dissolved in 0.1 N sodium hydroxide 
and showed the reactions of a metaprotein. Barkan and Caspar (23) foimd 
that fibrin prepared from pure blood is insoluble in 0.02 per cent sodium hydrox- 
ide and that obtained from either oxalated or fluoride plasma is soluble in 0.02 
per cent sodium hj’-droxide. 

The fibrin obtained by defibrination of whole beef blood or by addition of 
calcium to oxalated or citrated beef plasma is called calcium fibrin (Ca-fibrin) 
and is not soluble in 0.03 per cent hydrochloric acid but swells into a trausparent 
jelly. The fibrin obtained by clotting of oxalated or citrated beef plasma with 
beef thrombase is called thrombase fibrin (T-fibrin) and is soluble in 0,03 per 
cent hj^drochloric acid. This dilute acid was used as the test solvent in all 
experiments; similar results can be obtained vith other dilute acids. These 
relationships are summarized in table 1. The results indicate that beef Ca- 
fibrin, T-fibrin and fibrinogen are entirely different proteius vdth respect to 
their solubility in 0.03 per cent hydrochloric acid and 0.5 per cent sodium car- 
bonate. There is a possibility that either two different mechanisms play a role 
in the conversion of fibrinogen to fibrin or that T-fibrin is an intermediate 
between fibrinogen and Ca-fibrin. The solubility relationships between T-fibrin 
and Ca-fibrin also exist in the fibrins from other species, i.e., dog and rabbit. 
These relationships must be a general property of the second phase of blood 
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clotting. T-fibrin when dissolved in 0.03 per cent hydrochloric acid can be 
reprecipitated by addition of 0.5 per cent sodium carbonate to pH 7.0. This 
precipitate comes down in a gel-like structure, similar to a clot. The precipitate 
which forms during the storage of oxalated or citrated beef plasma has similar 
properties to T-fibiin. It is soluble in 0.03 per cent hydrochloric acid and 
0.5 per cent sodium carbonate but insoluble in 2 per cent sodium chloride. 
This protein may be T-fibrin. 


TABLE 1 


Solubility relationshi-ps between fibrinogen and fibrin 



2% NaCl 

0.03% HCl 

0.5% NajCOj 

Beef Ca-fibrin* 

Insoluble 

Insoluble 

Soluble 

Insoluble, gel 
Soluble 

Insoluble 

Insoluble 

Solublet 

Soluble 

Beef T-fibrinf 

Beef Fibrinogen 



* Washed with distilled water. 

t Washed with neutral 0.1 per cent sodium chloride and neutral distilled water, pH 7.0. 
t Swells into a transparent gel before going into solution. 


TABLE 2 


Solubility of fibrins obtained by clotting oxalated beef plasma with various clotting agents 


OXALATED BEEF 
FLASUA 

REAGENT ADDED 

CLOTTING TDIE 

SOLUBILITY IN 0.03% 

HCl 

CC* 

CC. 



6 

0.2 Trypsin* 

15 min. 

soluble 

5 

1.0 Papainf 

4 min. 

soluble 

5 

0 . 5 Fer de Lance venom* 

11 sec. 

soluble 

5 

0 . 5 Clotting globulin! 

60 sec. 

soluble 

6 

1 1.0 Ninhydrin* 

2 hrs. 

soluble 

5 

1.0 Babbit serum 

18 hrs. 

soluble 

5 

0 . 0 Beef thrombase A§ 

ID sec. 

soluble 


* One per cent in 0.9 per cent sodium chloride. 

t Cyanide activated (35). 

X Lederle laboratories. 

§ Prepared by method of Bobbins (34). 

Other agents can produce clots which are similar to T-fibrin. The results 
of experiments using trypsin, papain, Fer le lance venom, clotting globulin and 
ninhydrin to clot oxalated beef plasma are siunmarized in table 2; the same 
results can be obtained vuth citrated plasma. All the fibrins were soluble in 
0.03 per cent hydi-ochloric acid. Ninhydrin does not give a true clot, a hard, 
gummy precipitate being formed. This experiment indicates that the clotting 
of oxalated or citrated beef plasma by thrombase or other clotting agents pro- 
duces the same fibrin vith respect to solubility in 0.03 per cent hydrochloric acid. 

Hdle of calcium. The possibility existed that the clotting mechanism pro- 
ceeded in two directions, either te produce Ca-fibrin or T-fibrin but since Ca- 
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fibrin is' the end-product of the in vivo mecliamsm perhaps the T-fibrin is only 
an intermediate in the conversion of fibrinogen to Ca-fibrin. 

An attempt was made to prepare T-fibrin in the presence of calcium ions. 
An optimum amount of calcium chloride was added to oxalated beef plasma 
foraiing a clot in 5 minutes, the fibrin was insoluble in 0.03 per cent hydrochloric 
acid. Thrombase A was added to a similar mixture immediately after the 
addition of the calcium chloride; a clot formed in 15 seconds which was also 
insoluble in 0.03 per cent hydrochloric acid. The addition of thrombase A to 
dog plasma, without an anticoagulant, or heparinized, in which calcium ions' 
are present, produces Ca-fibrin. It was impossible to prepared T-fibrin in 
the presence of calcium ions which appear to be the deciding factor in the forma- 
tion of Ca-fibrin. 

It was thought possible to change T-fibrin to Ca-fibrin by chemical means. 
Several grams of T-fibrin were dissolved in 25 cc. 0.03 per cent hydrochloric 
acid and 1 cc, 1 per cent calcium chloride added. The solution was brought to 
pH 7.0 with 0.5 per cent sodium carbonate and the precipitate which formed 
%vas centrifuged off. This precipitate w'as soluble in dilute acids and alkalies; 
apparently the calcium did not enter into an}” combination wliich wnuld change 
T-fibrin to Ca-fibrin. The change maj' be a physical alteration and not a 
chemical one. 

T-fibrin was next placed in solutions of vaiying concentrations of calcium 
chloride, 1 per cent, 0.1 per cent and 0.01 per cent. After 24 hours the fibrins 
were removed, washed with neutral distilled water and were found to be insoluble 
in 0.03 per cent hydrochloric acid. Calcium ions transform T-fibrin into 
Ca-fibrin. In repeating these experiments it was found that the time factor 
was verj' important. The transformation in the 1 per cent calcium chloride 
solution took place in approximately 10 minutes whereas the transformation 
in the 0.1 per cent or 0.01 per cent calcium chloride solutions required longer 
periods of time. Suspension of T-fibrin in beef serum will also cause the con- 
version to Ca-fibrin. This reaction must be due to calcium ions since the con- 
version will not take place when oxalated serum is used. 

Calcium ions are not specific in this effect, strontium ions will also produce 
this conversion but barium or magnesium ions will not. This shows that 
strontium can replace calcium in this phase of the blood clottmg mechanism. 

It has already been shown that strontium will activate prothrombase to throm- 
base (24-27). The conversion must be due to a specific ion effect; soluble 
’ calcium complexes have no effect in this relationship for citrated and oxalated 
plasma behave in the same way. 

''' These results indicate that calcium ions are necessary for the in vitro forma- 
tion of Ca-fibrin. It is possible that Ca-fibrin may be a calcium compound but 
the investigations on the calcium content of fibrin have not been conclusive. 
Loucks and Scott (28) found that after thorough washing of fibrin, no calcium 
could be detected. Mellanby and Pratt (29) showed that plasma contained 
I‘p.7 mgm. per cent and scrum contained 10.6 mgm. per cent calcium. It is 
riot difficult to conceive that 0.1 mgm. per cent calcium is enough to account 
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for either a calcium compoimd or adsorption of the calcium on the fibrin but 
it would be difficult to prove either point. Thorough daily wasliing of beef 
Ca-fibrin for one month followed by weekly washing for two months does not 
change its solubility in 0.03 per cent hydrochloric acid or 0.5 per cent sodium 
carbonate. It appears that once the conversion of T-fibrin to Ca-fibrin takes 
place, the change is irreversible. The follovfing equation illustrates the in vitro 
mechanism in phase II of the blood clotting mechanism : 

Fibrinogen Tln-ombase -h Ionic Calcium Fibrin 

Mellanby and Pratt (29) observed that the coagulmn formed by thrombase 
in the presence of calcium ions was much firmer than that formed in the absence 
of calcium ions. Our results indicate thact this obseiwation was correct. The 
calcium ions do determine the nature of the clot with respect to its physical 
and chemical properties. It has been shown that calcium is not necessaiy in 
the clotting of fibrinogen (30) and that thi-ombase acts in the presence of oxalate 
or citrate (31, 32). If calcium ions are necessaiy for the in vitro formation of 
Ca-fibrin, calcium ions must be necessary in phase II of the blood clotting 
mechanism. Another difference between T-fibrin and Ca-fibrin is shown in 
the studies on fibiinolysin. Tillet and Garner (33) observed that plasma 
fibrui (plasma plus calcium ions) is more resistant to bacterial fibrinolysin than 
fibrinogen fibrin (fibrinogen plus thrombase). Our results substantiate, experi- 
mentally, the presence of two different fibrin, compounds in the blood clotting 
mechanism. 

Profibrin, demonstrated by Apitz (20), is differentiated from T-fibrin and 
Ca-fibrin by its solubihty in sodium chloride solutions; it may be an inter- 
mediate between fibiinogen and Ca-fibrin. The action of thrombase in con- 
verting fibrinogen to fibrin may be a chain mechanism involving many reactions 
and many intermediary compounds. The following equation may illustrate 
the mechanism: 

Fibrinogen — > Profibrin — > T-fibrin — > Ca-fibrin 

Serum factor. A study on the convemion of fibrinogen to fibrin, using purified 
reagents,- has been the aim of all investigators. The purpose of this purified 
sj-stem is to approximate the in vivo mechanism as closely as possible. The 
following experiments illustrate the relationships between fibrinogen, thrombase 
and calcium in phase 11 of the clotting mechanism. 

The clotting of beef fibrinogen (34) by either beef thrombase A or B (34), 
or beef serum gives fibrin clots wliich are soluble in 0.03 per cent hydrochloric 
acid (T-fibrin). These fibrinogen solutions contained 0.2 per cent potassium 
oxalate and w’ere adjusted to pH 7.0 with N/15 sodium hydroxide. In order to 
study the effect of calcium, it -was first necessaiy to remove the oxalate by 
adding an amount of calcium chloride winch would precipitate out aU the 
oxalate plus 50-100 mgm. per cent calcium excess. The fibrinogen solutions 
were adjusted to pH 7.0 and designated as Ca-fibrinogen. The relationships 
between calcium, fibrinogen, thrombase A and serum are summarized in the 
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experiment shown in table 3. In the presence of calcium ions, the clot obtained 
with thrombose A was soluble in 0.03 per cent hydrochloric acid (T-fibriu). 
With thrombose A plus serum or serum alone, the clot was insoluble (Ca-fibrin). 


TABLE 3 


Soluhilily of fibrins obtained in a purified 
dolling system containing calcium ions, 
fibrinogen, thrombose A and serum 


BEEF 1 

Ca-Ei- i 

BBINOGENI 

! 

BEEF : 
SERUif 1 

BEEF 1 
THROW- 1 
BASE A 

SOLXTBTUTV* IN 0.03% 
HCl 

cc. 

CC. 

CC. 


3 

1.0 

0 

Insoluble, gel 

3 

0 

0.3 

Soluble 

3 

1.0 

0.3 

Insoluble, gel 


* The mixtures were allowed to stand 
for 24 hours before solubility determina- 
tions were made. 


TABLE 4 


Solubility of fibrins obtained in a purified 
dolling system containing calcium ions, 
fibrinogen, thrombose B and serum 


BEEF 

Ca-Ft- 

BRIKOCEN 

BEEF 

SERUif 

BEEF 
THROW- 
BASE B 

soLtmiirry* ry 0.03% 
HCl 

CC. 

CC, 

CC. 


5 

0.5 

0 

Insoluble, gel 

5 

0 

0.1 

Insoluble, gel 

5 

0.5 

0.1 

Insoluble, gel 


* The mixtures were allowed to stand for 
2J hours before the solubility determina- 
tions were made. 


TABLE 5 


Soluhilily of fibrins ohUiined in a purified clotting system containing calcium ions, fibrinogen, 

thrombose A and serum protein fractions 


BEEF Ca-Ft- 
URTNOGEN 

BEEF SERUM FRACTION* 

BEEF THROMBASE A 

sotcBarn't in 0.03% 
HCl 

CC. 

CC. 

CC. 


4 

0 0 

0.1 

Soluble 

4 

0.5 whole scrum 

0.1 

Insoluble, gel 

4 

1.0 albumin 

0.1 

Soluble 

4 

1.0 pseudoglobulin 

0.1 

Soluble 

4 

1,0 euglobulin 

0.1 

■ Soluble 

4 

0.5 albumin 

0.5 pseudoglobulin 

0,1 

Soluble 

4 

0.5 pseudoglobulin 

0.5 euglobulin 

0.1 

Soluble 

4 

0.5 albumin 

I 0.5 euglobulin 

0.1 

Soluble 

' 4 

0.33 albumin 

0.33 pseudoglobuHn 

0.33 euglobulin 

0.1 

Soluble 


* Prepared by method of Hektoen and Welker (36) with modifications (2) . 
t The mixtures were allowed to stand for 2l hours before the solubility determinations 
were made. 


These results indicate that there is a factor in serum besides the calcium ion 
which is necessary for the in vitro formation of Ca-fibrin, A related observa- 
tion had been made in our laboratory'' on the clotting of a purified fibrinogen 
solution -with thrombase: addition of serum produces a more rapid clotting (2). 

.Tliese experiments were duplicated using thrombase B, a purer fraction, 
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instead of thi-ombase A. The relationsliips between calcium, fibrinogen, thi’om- 
base B and serani are summarized in the expeiiment in table 4. The results 
obtained with thrombase B do not duplicate those obtained with thrombase A. 
The seram factor necessaiy to produce Ca-fibrin, when thrombase A is used, 
is not needed when thi’ombase B is used. At present, these results cannot 
be explained. 

Semm protein fractions Avere used to determine what part of senim was 
responsible for tliis effect; the results of experiments using thrombase A are 
summaiized in table 5. These results indicate that the serum factor is not any- 
one or combination of the sermn protein fractions. The fractionation of serum 
and isolation of -the purified serum proteins in some way destroys or removes 
the factor responsible for the phenomenon. The following equations illustrate 
the in vitro mechanism in the conversion of fibrinogen to fibrin: 

Fibrinogen + thrombase — > T-fibrin 
T-fibrin + ionic Calcium + Senim factor — > Ca-fibrin 

SIBMMARY 

1. Two different fibrins have been demonstrated based on their solubility 
in dilute acids and alkalies. Ca-fibrin is insoluble but swells into a transparent 
jellj’- in 0.03 per cent hydrochloric acid and is insoluble in 0.5 per cent sodium 
carbonate. T-fibrin is soluble in these reagents. 

2. The precipitate which fonns during the storage of oxalated or citrated 
beef plasma has the solubilit 3 '- of T-fibrin. 

3. The clotting of oxalated or citrated beef plasma by thrombase, trypsin, 
papain, Fer de Lance venom, clotting globulin and ninliydrin produces T-fibrin; 
these fibrins are soluble in 0.03 per cent hydrochloric acid. 

4. Calcium ions are necessaiy for the in vitro formation of Ca-fibrin. Calcium 
ions convert T-fibiin into Ca-fibrin. This effect is not a speci&c one, since 
strontium ions -will also produce this conversion but barium or magnesium ions 
will not. 

5. A serum factor besides the calcium ion is also necessary for the in vitro 
formation of Ca-fibrin. This factor is not present in the purified serum protein 
fractions. 

6. The following equations illustrate the in vitro mechanism in the conversion 
of fibrinogen to fibrin: 

Fibrinogen -}- Thrombase — > T-fibrin 
T-fibrin -j- ionic Calcium -}- Seiiim factor — » Ca-fibrin 
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Besides tlie effect upon the gastro-intestinal S 3 ^stem, vasomotor reflexes are 
the most important among the vegetative reactions induced by labyrinthine 
stimulation. Spiegel and Demetriades (1922) demonstrated in rabbits that 
various types of stimulation of the labyrinth elicit a fall of blood pressure, or a 
multiphasic A^asomotor reaction, the decline of the blood pressure sometimes 
being preceded, sometimes followed bj"- a pressor effect. The depressor reac- 
tion is eliminated bj’’ paralj^sis of the labju-inth; it is preserved in decerebrate 
animals; it is a brain stem reflex mediated chiefl^’^ by the nucleus triangularis. 
One should expect that these reflex changes of the blood pressure are able to 
influence the cerebral circulation. In fact, Spiegel and Demetriades (1924) 
studying the cerebrospinal fluid pressure and the cerebral plethj’^smogram, re- 
corded fluctuations similar to those of the systemic blood pressure. These 
methods, hoAvcA^er, giA^e only limited information regarding cerebral blood floAv 
and are not suitaljle for a study of the cerebral circulation under the influence 
of rotation, the tjTJe of labyrinthine stimulation Avhich is most effectNe in pro- 
ducing the physiologic stimulus, an endolymph floAv in the semicircular canals. 
It seemed possible to appi-oach this problem by thermo-electric methods. The 
use of these methods promised also to facilitate an analj'^sis of the mechanism 
of the circulatory changes in the brain on labju’inthine stimulation. 

Method. The experimdnts Avere performed on 16 cats kept under nembutal anesthesia. 
The board Avith the animal could be rotated about its longitudinal axis. In the foot end of 
the axis of rotation a glass tube A\'as fixed that aa’Us connected to the recording mercury 
manometer. In this tube a second closely-fitting inner tube rotated AA’ith the animal and 
AA-as connected to the femoral artery so that the blood pressure could be recorded during all 
phases of rotation. In order to study the cerebral circulation, Gibbs’ (1933) thermoelectric 
method AA-as used, the thermocouple usually being thrust into the parietal lobe. In the 
majority of the experiments, hoAA’ever, Schmidt’s (1934, 1936) modification AA-as employed 
in AA-hich the thermocouple mounted on a silver rod Avas cooled by keeping the rod im- 
mersed in a thermos bottle filled AA-ith ice. The thermos bottle could be moved along a 
groo\-e corresponding to the longitudinal axis of the board and here fixed in any position so 
that a rigid connection betAveen skull and thermocouple Avas secured. Control experiments 
on dead animals and Avith thermos bottle and thermocouple alone (the thermocouple being 
covered by a cap) shoAved that tAvo types of artifacts had to be overcome. Rotation pro- 
duced currents of Avarm air around the cooled silver rod that protruded from the thermos 
bottle; the result Avas a heating of the thermocouple imitating an increase of the cerebral 
blood floAA-. When the experiment lasted several hours, the ice melted partly in the thermos 
bottle so that on rotation the ice-Avater-mixture moved around the silver rod in the bottle; 
the effect Avas similar to that seen on sloAA-ing of the blood Aoaa-. 

The first artifact AA-as prevented by covering the siK-er rod betAA'een the bottle and brain 
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mth a heat insulating rubber tube and cotton sleeve. In order to keep the ice as long as 
possible in close contact with the silver rod in the thermos bottle and to increase the sur- 
face upon which the ice acted, a bakclite tube was fixed coaxially around the silver rod and 
was divided into a series of compartments by metal discs soldered to the central silver rod. 
The ice was denselj'" packed into these compartments through a slot in the bakclite tube 
which could then be covered to hold the ice in place. As a rule this arrangement kept the 
ice closely packed for hours; then it began to melt in the compartments that were 
nearest to the animal and had to be replaced. The wire connecting the thermocouple to the 
galvanometer circuit was held in the axis of rotation of the animal board. On rotation in 
one direction (as a rule up to 10 rotations) it was, of course, somewhat coiled. But control 
experiments showed that this produced no artifact. In successive tests the board was ro- 
tated in opposite directions, so that the wire was again uncoiled on each .second test. In 
all graphs, upward movement of the thermocouple record means increase, downward move- 
ment .slowing, of the blood flow in the parietal lobe being tested. 

Results. With all forms of labyrinthine .stimulation used, a slowng of the 
cerebral blood flow was observed accompanying the fall of .systemic blood 
pressure. For caloric stimulation a u-.shaped metal cannula was introduced 
into the middle ear and was perfused with cold (10°C.) or hot (45-50°C.) water. 
The vascular effect was much better demonstrable with warm (fig. 1) than with 
cold water, apparently because a vasoconstrictor j-eaction elicited by the cold 
antagonized the depressor reflex. 

For a study of the effect of galvanic current, monaural unipolar stimulation 
was employed, the testing electrode being introduced into the external auditory 
meatus, wiiile an indifferent plate electrode was applied to the abdomen. In 
some ca.ses the depression of the s 3 'stemic pressure and accompanying retarda- 
tion of the cerebral blood flow' were demonstrable on anodic as well as on catho- 
dic stimulation. In some instances this effect w'as obtained w'ith the cathode 
only, while anodic stimulation produced even a rise of blood pres.sure and a 
parallel increase of the cerebral blood flow'. This was apparentlj' due to the 
fact that on application of the anode the current had to be increased up to 10 
milliamperes before an effect could be noticed, and then the negative “indiffer- 
ent” plate electrode produced contraction of the abdominal muscles, with sub- 
sequent ri.se of blood pressure. 

The effect of labj'rinthine stimulation upon blood pressure and brain circu- 
lation is most definite on rotation. Often it appears already during the stimu- 
lation, or the depression occurring during rotation is increased following it; 
or only' a post-rotatorj' depressor reaction develops. A slight pressor reaction 
may precede and/or follow the fall of blood pressure and retardation of cere- 
bral blood flow. The reaction of the cerebral vessels sometimes lags behind 
that of the .sy'stemic blood pressure, but in general it takes a course similar 
to that of the latter. The question pre.sents itself whether the pathways car- 
rj'ing vasomotor impulses to the cerebral vessels mediate this reaction. The 
vasodilator .sj'stem joining the facia! and gi-eat superficial petrosal neive (Cobb 
and Finesinger, 1932; Chorob.ski and Penfield, 1932) as well as the vasocon- 
strictor path u.sing the cen'ical sympathetic should be considered, while fibers 
from the stellate ganglion to the vertebral plexus exercise no influence on pial 
arteries of the parietal lobe (Forbes and Cobb, 1938). 
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In order to interrupt the dilator tract, the middle cranial fossa was opened, 
the base of the temporal lobe was elevated from the petrous bone, and the ridge 
of this bone was cauterized in order to destroj’- the great superficial petrosal 
nerve. Or else the cerebello-pontine angle was exposed by opening the posterior 
atlanto-occipital membrane and removing the adjacent part of the occipital 
bone, and the 7th and 8th nerves were crushed in the internal auditory canal. 
The latter method seems more reliable than the former because the result can 



Fig. 1. Blood pressure in the femoral artery,/, and eerebr.al blood flow, c, in the parietal 
lobe of cats on labyrinthine stimulation. 

a. Caloric stimulation (right ear, 46°C.); blood flow recorder in left parietal lobe. 

b. Galvanic stimulation (right ear). Blood flow recorded from left parietal lobe. Left 
cervical sympathetic nerve and great superficial petrosal nerve cut. 

c. Ten rotations. 

d. Five rotations; blood flow recorded from right parietal lobe; right facial and cervical 
S5Tnpathetic nerve cut. 

s = stimulation signal, s.o. == simultaneous ordinates, 1 = 5 sec. intervals. 

be checked not only anatomically, Init also functionally, by ascertaining the 
loss of reflex reaction of the muscles of the face on stimulation of the coniea, 
conjunctiva, or other mucous membranes in the head. Interruption of these 
nerves, of the vasoconstrictor or the vasodilator tract alone, or of both combined, 
did not prevent the slowing of the circulation in the parietal cortex of the oper- 
ated side that accompanied the fall-of blood ])re.ssure on rotation or on galvanic 
stimulation of the retained Sth neiwe (fig. 1). 
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The depressor reaction to labyrinthine stimulation is caused by a mechanism 
similar to the fall of blood pressure on stimulation of centripetal vagal fibers 
(chiefi5’^ dilatation of the vessels in the splanchnic area, Spiegel and D^m6triades, 
1922). One should, therefore, expect that the cerebral vessels react to laby- 
rinthine stimulation in a similar waj-^ as to vagal stimulation. Our observa- 
tions that cutting the facial nenm did not prevent the slovdng of the cerebral 
blood flow on labyrinthine stimulation was surprising in view of the statement 
of Cobb and Finesinger that severance of the facial neive prevents the reaction 



Fig. 2. Stimulation of central end of cut right vagus in cat (coil distance 6 cm.). Right 
facial nerve cut. 

a. Blood pressure in femoral artery,/, and blood flow, c, in left parietal cortex (unoper- 
ated side). 

b. Blood pressure and blood flow in right parietal cortex (side of cut facial). Other 
symbols as in figure 1. 

of the pial arteries which normally follows stimulation of the central end of the 
cut vagus. Our further experiments, however, .showed that also on stimulation 
of centripetal vagal fibers the slowing of the cerebral blood flow persists after 
.severance of the facial or of the great .superficial petrosal nerve (fig. 2),’ A 

' The only change in reactivity of the cerebral circulation that could be observed on 
labyrinthine or vagal stimulation was a poor reversibility of the retardation of the cerebral 
blood flow in contrast to the normal return of the blood pressure to the previous level. 
This delay in the recoverj’ of the cerebral circulation was particularly pronounced when the 
fall in blood prc 5 «urc was verj- marked. .V technical error such as blood clot at the tip of the 
electrode could be e.vcluded. 
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study of the literature revealed that Forbes, Nason and Wortman (1937) using 
the same technique of direct obsen^^ation of pial arteries as Cobb and Finesinger 
also were unable to duplicate the results of these latter authors. They still 
obseiwed dilatation of the pial arteries on stimulation of the centripetal vagal 
fibers after cutting the facial neiwe. Thej'^ suggest that slowing of the cerebral 
blood flow associated with fall of sj’stemic blood pressure causes relaxation of 
the pial arteries hy retarding the elimination of the CO3 produced locally by the 
muscle fibers of the arteiy. 

Thus our observations on labyrinthme stimulation are in agreement with 
those on vagal stimulation; in both cases the retardation of the cerebral blood 
flow is chiefly brought about indirectly through the changes in the systemic circu- 
lation; and the vasomotor tracts in the cervical sympathetic and in the facial 
are not necessary for the genesis of the changes in the cerebral circulation. 

SUMMAEY 

In experiments on cats, the cerebral circulation was recorded thermoelec- 
tiicall3'- on labjuinthine stimulation. With all types of stimulation used (calori- 
zation, galvanization,, rotation), a sloping of the cerebral blood flow was ob- 
served that accompanied the fall of systemic blood pressm-e. This reaction 
as well as the retardation of the cerebral blood flow on stimulation of centrip- 
etal vagal fibers are chiefly brought about indirectly through the changes in 
the sj’-stemic circulation, smce both reactions persisted after interruption of the 
ceiwical sympathetic nerve and/or of the vasodilator tract joining the facial 
and great superficial petrosal nerve. 
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It has been shown (1) in the dog that the development of a large negative 
intrathoracic pressure is associated \nth a marked fall in superior vena caval 
pressure and a slight fall in jugular venous ])ressure, while the development of a 
large positive intrathoracic pressure is associated with a rise in peripheral ve- 
nous and superior vena caval pressure. In a recent paper (2) it was shown 
that when the intrathoracic pressure of the barbitalized dog was increased the 
right auricular and peripheral venous pressure increased, and that when the 
intrathoracic pressure was decreased right auricular pressure decreased but the 
peripheral venous pressure did not change. Evidence was presented that the 
peripheral venous pressure remained constant when the auricular pressure de- 
creased because the veins became partially collapsed just before entering the 
chest and increased the resistance to the flow of blood from the periphery to 
the right auricle. However, the possibility tiiat the peripheral venous pressure 
remained constant, when right auricular pressure was decreased, as a result of 
an increased rate of flow of blood along the veins, was not ruled out. 

It is generally agreed that the noimal negative intratjioracic pressure aids the 
venous return to the heart. The breathing of air that is under a negath’-e pres- 
sure has been shovn to increase the cardiac output in the intact animal (3, 4), 
while the breathing of air that is under a positive pressure has been shomi to 
decrease the cardiac output (5, 6). However, there are no quantitative data, 
insofar as I am aware, correlating the change in peripheral venous pressure 
with the cardiac output change w'hen the intrathoracic pressure is changed. 
The experiments described here were perfonned in order to determine how much 
of the effect of intrathoracic pressure change on peripheral venous pressure was 
due to a change in cardiac output. 

'/Methods. The cardiac output Avas determined by the direct Fick method 
in nine barbitalized dogs in the supine position. In each experiment the cardiac 
output was measured with the dog breathing oxygen from a spirometer at 
atmospheric pressure, at a negative pressure of 8 or 16 cm. of w’ater, at a posi- 
tive pressure of 8 or 16 cm. of w'ater, and again at atmospheric pressure. The 
dog was connected to the spirometer by means of a tracheal cannula, and 
breathed from the spirometer at a given pressure for 10 or 15 minutes before 
the cardiac output determination was made. The spirometer wns constracted 

1 A preliminary report of tin's v/ork was given at the meeting of the ^Imerican Physio- 
logical Society in Boston, 1942. 
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similar to the Benedict-Roth apparatus wth ihe exception that no valves v'ere 
used. The sphometer bell was carefullj’’ counterbalanced to measure the rate 
of ox3’-gen consumption, while the animal breathed oxygen at atmospheric 
pressure. Positive pressures were developed in the spirometer bj’- adding a 
weight to the spirometer bell. Negative pressures were developed in the 
spirometer by adding a weight to the counterbalance weight. 

Five cubic centimeter samples of mixed venous blood were collected from the 
right auricle bj’’ means of ,a paraffin-coated cannula that passed into the right 
auricle by way of the right external jugular vein. The cannula remained in 
place throughout the experiment, which generallj'- took from one to two hours. 
In order to prevent clotting a continuous injection of 0.9 per cent sodium chlo- 
ride solution passed through the cannula at a rate of 1 cc./min. or less. Arterial 
blood was collected by cannulating a small side branch of the femoral arteiy. 
The blood was collected over mercurj'' vdthout contact with ah bj’’ the method 
of Austin et al. (7) and was anatyzed for oxygen bj’- the manometric method 
of ^^an Slyke and Neill (8). Arterial blood pressure was measured in the femoral 
artery with a mercury manometer. 

In another group of ten dogs, right auricular and peripheral venous pressures 
were measured simultaneously with the dog breathing from a chamber in wliich 
the pressure was varied from 20 cm. of water below to 20 cm. of water above 
atmospheiic pressure. Right auricular pressure was measured vdth a .water 
manometer by means of a cannula that passed into the right auricle by way of 
the right external jugular vein, and peripheral venous pressure was measured 
^vith a water manometer bj’- means of needle puncture of the femoral, cephalic 
or jugular vein. All venous pressures were referred to the level of the cannula • 
tip in the right amide as zero. These results were described in part in an earlier 
paper (2). 

In five barbitahzed dogs the cardiac output, femoral venous and right auric- 
ular pressure were measured vithin a few minutes of each other vith the dog 
breatliing air at atmospheric pressme, at a.positive pressure of 16 cm. of water, 
at atmospheric pressure, at a negative pressure of 16 cm. of water, and at at- 
mospheric pressure. The air under positive or negative pressure was breathed 
for 15 minutes or longer before the obsen’^ations were made. After breathing 
air under positive or negative pressure the animal breathed air at atmospheric 
pressure for 30 to 45 minutes before the next control obseiwations were ma^le. 
No observations were made until 3 hours or longer after anesthesia was begun. 
The venous pressures were detennined in a manner similar to that described 
above. The cardiac output was determmed by a modification of Stewart’s 
method (9). Instead of injecting hypertonic sodium chloride solution into the 
right heart and deteimining the amount of dilution of the injected salt solution 
in the blood of the femoral arteiy at, an appropriate time as Stewart did, the 
blue dj'e, T 1824, was injected into the right auricle and the concentration of 
the dye in the blood ninning through the femoral artery was determined. A 
0.3 per cent solution of the dye was made up in phj’-siological saline and injected 
at a constant rate of 0.5892 cc. per second into the right auricle bj^ means of a 
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ureteral catheter that passed into the right auricle by way of the right external 
jugular vein. A constant injection apparatus similar to that used by Wiggers 
(10) was employed. A small side branch of the femoral artery was cannulated 
within a few millimeters of the point where it came off of the femoral artery 
by means of a piece of tubing made from a 16 gauge needle. A 14 cm. length 
of ureteral catheter was connected to the needle tubing. Arterial blood was 
collected in small test tubes that were held on a revolving .kymograph drum 
as described by Hamilton et al. (11). The drum revolved at such a rate that 
each tube collected blood from the arterj’’ for approximately one second. Fif- 
teen blood samples of approximately 1 cc. each were taken for each cardiac 
output determination. . The tubes were placed in the ice box for several hours 



Fig. 1. The effect of changing the breathing chamber pressure on right auricular and 
femoral venous pressure. +, above atmospheric pressure; - , below atmospheric pressure. 

Fig. 2. Serum dye-concentration-time curve of arterial blood samples taken from the 
femoral artery. The shaded area indicates the time of injection of the dye into the right 
auricle. 

and then centrifuged. The dye content of the serum tvas determined with a 
IQett^ummerson photoelectric colorimeter in a manner similar to that de- 
scribed by Gibson and Evans (12). Although the procedure varied somewhat 
in the earlier experiments the final procedure used for determining the cardiac 
output was as follows. A control sample of blood w-as drawn from the femoral 
arterj’^; part of this was used to determine the hematocrit by the method of 
Wintrobe (13), and part to determine the dye content of the serum. A fetv 
seconds later the dye injection was started. Eight seconds after the dye in- 
jection was started the collection of arterial samples of blood wus begun. The 
dye injection was stopped 13 seconds after it was started. Twenty-three sec- 
onds after the beginning of the dye injection the collection of blood samples 
.was stopped. The serum dye-concentration-time cim’^es wore similar to that 
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shown in figure 2. The dye concentration quicld}* reached a level and remained 
at this level for 4 to 6 seconds. The seiimr dye concentration value when it 
was constant (between A and B in fig. 2) was a measure of the amount of dilu- 
tion that the dye solution had undergone as a result of mixing with the blood 
that passed through the heart. The fomiula used for calculating the cardiac 
output in cc./min. was as follows: 

Plasma C.O. = ^ ^ . X 60 

(02 — Oij 


Blood C.O. 


Plasma C.O. 

(Too - 0.915 f?) 


X 100 


Q is the number of milligrams of dye injected per second. Ci is the concentra- 
tion of the dye in the serum taken from the flat part of the dye-concentration- 
time cun*e. Cl is the concentration of the dye in the seium sample taken just 
before the dye injection. These concentrations of dye are expressed in milli- 
grams per cubic centimeter of serum. H is the hematocrit. Since it has been 
shown (14) that the hematocrit deteimined by the centrifuge method gives a 
value that is on the average 8.5 per cent higher than the tiue red cell hemato- 
crit, the hematocrit has been corrected by multipljdng it by 0.915. 

In some cases the dye-concentration-time cuiwes were similar to that shovu 
in figure 2 with the exception that at about 16 seconds the dye concentration 
increased. It was thought that this was due to the beginning of some re-circu- 
lation of the dye. ‘ 

J/ Results. Cardiac oid-pid. The results of the measurements of cardiac out- 
put by the Pick method are shovu. in table 1. A^Tien oxygen at atmospheric 
pressure was breathed the cardiac output was greater at the end of the experi- 
ment than it was at the beginning in seven of eight experiments. The reason 
for this is not clear but it maj'- have been due to the fact that the viscosity of 
tlie blood was less at the end of the experiment than at the beginning, as a re- 
sult of the injection of a small amount of saline in washing the blood out of the 
auricular carmula, and the slow injection of physiological saline through the 
auricular canmila in order to prevent clotting. The control cardiac output in 
each experiment was taken as the average of the two control determinations. 
The deviation of the single obsen'ations from the averages ranged from ±2 
to ±25 per cent in the eight experiments. The mean deviation from the aver- 
age was ±16 per cent. 

"^Tien oxygen imder a positive pressure of 16 cm. of water was breathed the 
cardiac output was decreased. below the control output in four out of six ex- 
periments. However, m only one of these six experiments was the decrease 
in the cardiac output greater than the de^^ation of the two control output de- 
terminations from the average control. The average decrease in cardiac output 
was 16 per cent of the control. There was little or no change in cardiac output 
when oxj'gen under a positive pressure of 8 cm. of water was breathed. 'VMien 
oxygen under a negative pressure of 16 cm. of water was breathed there was an 
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increase in the cardiac output above the control determination in five out' of 
seven experiments. However, in only one of the seven experiments was the 
increase in cardiac output greater than the deviation of the two control output 
determinations from the average control. The average increase in cardiac 
output was 13 per cent of the control. There was little or no change in cardiac 
output when oxygen under a negative pressure of 8 cm. of water was breathed. 
Thus when oxygen under a positive pressure of 8 or 16 cm. of water or a negative 


TABLE 1 


A 

B 

Exp, 

Vein 

Pressure fall from peripheral 
vein to right auricle 

Exp. 

i- 

1 Cardiac output (Pick method) 

t ^ 

Xo. 

C.P. 



C.P, 

C.P. 

AO. 

fcgm. 

! C.P. 

C.P. 

C.P. 

C.P. 

C.P. 

C.P. 




0 



-8 

-16 




0 

+8 

*{“16 

-8 

-16 




cpi. 

% 

% 





7./ 

ar^r- 

age 

% 

% 

% 

7c 




mo 

cV.angc 

change 

change 

change 



‘ min. 

/./ 

change 

change 

change 

change 












min. 






1 

Femoral 

5.2 

-50 


+104 

+170 

12 

15.3 

2.47 

2.80 




+4 

±11 










3.12 







2 

Cephalic 

3.8 

-82 


+120 


13 

21 

3.66 

3.66 


-32 


+37 


3 

Jugular 

5.4 

-17 

-33 

+95 

+150 

14 

18.7 

3.10 

3.17 


+39 


—2 

:i:2 










3.24 







4 

Femoral 

s.o 

-51 


-J-G7 

+180 

15 

11.4 

1.55 

2.03 


-25 


+9 

±25 










2.C2 







5 

Femoral 

8.8 

-37 

-62 



10 

15.4 

2.47 

2.21 


+4 


+34 

:i:l2 










1.95 







G 

Femoral 

S.O 

-S3 


+71 

+149 

17 

19.8 

2.92 

3.69 


-19 


■t7 

:i:21 










4.47 







7 

Cephalic 

3.5 

-71 

-71 

+12S 

-{“351 

18 

lUil 

1.66 

2,05 


-6.3 



±19 










2.44 







S 

Cephalic 

8.C 

-CO 

-S3 

+70 

+146 

19 

11.7 

1.69 

2.07 

-f3 


+3 


±18 










2.45 







0 

Femoral 

8.2 

-49 

-82 



20 

8.5 

1.47 

1.80 

-3 


-2 


±21 










2,24 







10 

Cephalic 

5.C 

~CS 

-100 












11 

Jugular 

1.5 

-49 











! 


Average 

-53 

-72 



1 

Average 1 


-10 

+I 

+13 [ 

1 

±16 


A. Effect of breathing ^ that is under different hydrostatic pressures on the pressure fall from peripheral vein to 
right auricle. The increase (+) or decrease (-) of the pressure fall is Riven in per cent of the control. C.P., chamber 
pressure, is given in centimeters of iratcr. 

B. Effect of breatlung oxygen that is under different hydrostatic pressures on the cardiac output. The increase 
(-r) or decrease ( — ) of the cardiac output is» given in per cent of the control. 1., liters. In column X the deviation 
of the single control observations from the average is gli'en in per cent of the average. 

presisure of 8 or 16 cm. of water was breathed the cardiac output was changed 
on the average no more than the change in the control determinations. 

Venous ■pressure. In each expeiiment twelve or more determinations of 
peripheral venous pressure and right auricular pressure were made. The 
venous and auricular pressures were then plotted on graph paper and results 
similar to those shotvn in figure 1 were obtained. From these graphs the pres- 
sure fall from the peripheral vein to the right auricle was determined when the 
animal breathed air at a negative pressure of 8 and 16 cm. of water, at at- 
mospheric pressure, and at a po-sitive pressure of 8 and 16 cm. of water. These 
results are given in table 1. 
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. When air under positive pressure of 8 cm. of water was breathed the pressure 
fall from peripheral vein to right auricle decreased in each expeiiment, the aver- 
age decrease was 53 per cent of the pressure fall when aii* under atmospheric 
pressure was breathed. When air under a positive pressure of 16 cm. of water 
was breathed similar results were obtained, the average decrease in pressure fall 
was 72 per cent. When air under a negative pressure of 8 cm. of water was 
breathed the pressure fall from peripheral vein to right auricle was increased 
in each experiment, the average increase was 94 per cent of the pressure fall 
when air under atmospheric pressure was breathed. When air imder a nega- 
tive pressure of 16 cm. of water was breathed similar results were obtained 
with the average increase in pressure fall being 191 per cent. Thus when air 
under a positive pressm'e of 8 or 16 cm. of water was breathed there was a 
marked decrease in the pressure fall from peripheral vein to right auricle, and 
when air under a negative pressure was breathed there was a great increase in 
the pressure fall from peripheral vein to right auricle. 

Cardiac output and venous pressure. The results of these experiments in 
which the cardiac output was deteimined bj'’ a modification of Stewart’s method 
are shown in table 2. When air under a positive pressure of 16 cm. of water 
was breathed the cardiac output was decreased in eveiy case. The decrease 
in cardiac output was much greater than the deviation of the control outputs. 
The average decrease in the cardiac output was 33 per cent of the control while 
the average deviation of the controls was ±6 per cent. The pressure fall 
from femoral vein to right auricle was decreased in every case except one, 
the average decrease was 64 per cent of the control. 

■\Wien air under a negative pressure of 16 cm. of water was breathed the 
cardiac output was increased in three and decreased in two experiments. In 
only two cases was the increase in cardiac output greater than the deviation 
of the control detenninations, and in these two the increase in the cardiac output 
was only 5 and 7 per cent. The pressure fall from femoral vein to right auricle 
was increased in each case when air under a negative pressure of 16 cm. of water 
was breathed. The average increase was 244 per cent of the control. 

The breathing of oxygen under a positive or negative pressure had little 
effect on arterial blood pressure. When the animal was suddenly changed 
from breathing air at atmospheric pressure to breathing oxygen under a positive 
pressure of 16 cm. of water the arterial pleasure fell several millimeters of 
mercuiy but rose vithin less than a minute to approximately the normal level. 
However, in experiment 18 the arterial pressure fell 35 mm. of mercury when 
oxygen under a positive pressure was breathed and remained at this level until 
positive pressure respiration was stopped. 

Discussion. The pressure fall from peripheral vein to right auricle is a 
function of the length and cross-section of the venous channels along which the 
blood flows from the peripheral vein to the right auricle, the volume of blood 
flovnng along these venous channels per unit of time, the ■viscosity of the blood, 
and the hydrostatic pmssure exerted by the vertical column of blood between 
the point where the venous pressure is measured and the right auricle. With 
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the length of the veins, the blood viscosity, and the hydrostatic component 
remaining constant, an increase in the pressure fall from peripheral vein to 
right auricle must be the result of an increase in the rate of flow of blood along 
the veins or of an increase in the resistance to the flow caused by a decrease 
in the cross-section of the veins. 

It was shovm in table 1 that when oxygen under a negative pressure of 16 cm. 
of water was breathed there was, on the average, only 13 per cent increase in 


TABLE 2 


EXP. NO. 

vrt. KGir. 

i 

i 

A 

B 

Pressure fall from femoral vein to 
right auricle 

Cardiac output (modified Stewart method) ' ' 

cp. 

0 

■MM 

C.P. 

-16 

C.P. 

0 

C.P. 

0 

C.P. 

+16 

1 P 
SIP 

X 

21 

22.3 

cm. ZTsO 

3.2 

% change 

-63 

% change 

4-290 

l./tnin. 

3.44 

3.69 

average 

l./min. 

3.57 

% change 

-29 

% change 

4-5 

% devia- 
tion 

db3 

22 

! 20.5 

11.6 

-91 


3.08 

3.18 

-40 


±3 






3.28 







12.4 


-f-90 

3.28 

3.30 


4-7 

±1 






3.34 





23 

32.0 

3,6 


’ 4-255 

6.50 

5.97 


-2 

±9 






5.44 







5.0 

0 i 


5.44 

5.28 

-37 


±3 






5.11 





24 

24.6 

3.6 


4-350 

3.51 

2.85 


4-13 

±23 






2.19 







5.0 

-100 


2.19 

' 2.30 

-28 


±5 






2.41 





25 

14.3 

5.1 


4-236 

2.82 

2.77 


-2 

±2 






2.72 







6.3 

-64 







Average 

-64 

4-244 



-33 

-{-4 

±6 


Same as table 1 except that the cardiac output was determined by a modification of 
Stewart’s method. 


the cardiac output, while in a similar group of expeiiments the pressure fall 
from peripheral vein to the right auricle was increased 191 per cent of the con- 
trol. In table 2 it was shown that there was little, if any, increase in the cardiac 
output when air under negative pressure was breathed, while the venous pres- 
sure drop from femoral vein to right auricle increased greatly, the average value 
being -f 244 per cent. Thus the increase in pressure fall from peripheral vein 
to right auricle must have been due nearly entirely to an increase in the re- 
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sistance to the flow of blood along the veins when a negative pressure of 16 cm. 
of water was breathed; for vith laminar flow in the veins it would have been 
necessary for the cardiac output to increase 244 per cent of the control in order 
to give an increase of 244 per cent in the pressure fall from peripheral vein to 
right auricle if there had been no change in the resistance to the flow of blood 
along tlie veins. Thus in the supine dog when air under a negative pressure is 
breathed the peripheral venous pressure remains constant and the right auric- 
ular pressure decreases, therebj' increasing the pressure fall from the peripheral 
vein to the right auricle, because the resistance to the flow of blood along the 
veins is increased. This increase in resistance to the flow of blood is due to the 
fact that when air under a negative pressure is breathed the veins become 
partialty collapsed just before entering the chest and increase the resistance to 
the flow of blood into the chest (2). It would appear that the collapse of the 
veins just before entering the chest, when large negative intrathoracic pressures 
are developed, is a mechanism that prevents a large amount of blood from 
being sucked into the chest and over-distending the heart. 

Similar experiments (15) in the normal supine human indicate that the veins 
do not collapse just before entering the chest when air under a negative pressure 
of 14 cm. of water or less is breathed. This is apparently due to the fact that 
in noimal man right aiuicular pressure is several centimeters of saline above 
atmospheric pressure (16), and as a result the intrathoracic pressure must be 
lowered considerablj’’ before the pressure in the veins entering the chest becomes 
low enough to cause them to collapse. Thus the cardiac output might be in- 
creased in man under these circmnstances. However, the development of 
larger negative intrathoracic pressures in man, as in jMuUer’s exiDeriment, does 
appear to cause the veins to collapse just before enteiing the chest and this 
would prevent a further increase in cardiac output. It would appear unlikely 
that the breatliing of air under negative pressure would cause much increase 
in the cardiac output of man when m shock or in any state where there was a 
decreased venous return to the heart. In these conditions the right auricular 
pressure tends to be lower than normal and the development of greater negative 
pressure in the chest would probably cause the veins to become partially col- 
lapsed just before entering the chest, increase the resistance to the flow of blood 
into the chest, and so prevent an increase in cardiac output. 

In the dog when air under a positive pressure of 16 cm. of water was breathed 
the pressure fall from peripheral ^^ein to right auricle decreased on the average 
72 per cent of the control pressure fall, Avhile the cardiac output decrease on the 
average was only 16 per cent of the control when the Fick method was used 
to determine the output. In the other group gi experiments in which the car- 
diac output was determined by a modification of Stewart’s method the average 
decrease in cardiac output was 33 per cent of the control, and the average 
decrease in pressure fall from femoral vein to right amide was 64 per cent of 
the control. The decrease in pressure fall from the peripheral vein to the right 
auricle must have been due in part to a reduction in cardiac output, and in part 
to a decrease in the resistance to the flow of blood along the veins. The decrease 
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in resistance to the flow along the veins was probably due to the fact that the 
veins %vere dilated as a result of the high pressure in the right auricle. 

It .should be pointed out that the pressure fall from peripheral vein to right 
auricle is a function of the volume of blood flowing per unit of time along the 
venous channels from the point in the peripheral vein where the pressure is 
measured to the right auricle (in the expeiiment on the femoral vein these 
channels are the femoral vein and inferior vena cava). Only part of the cardiac 
output flows along these channels, and more blood flows along part of these 
channels than flows through the peripheral vein in which the pre.ssure is meas- 
ured. It would be possible for the rate of blood flow along one or more of these 
channels to change and thus change the pressure fall from peripheral vein to 
right auricle, even if there were no change in cardiac output. Also it would be 
possible for the cardiac output to change and for the rate of blood flow to change 
along certain venous channels and not along others. Thus the pressure fall 
from one peripheral vein to the right auricle might change as the result of a- 
cardiac output change while the pressure fall from another peripheral vein 
might not change. However, since similar results were obtained on the femoral 
vein, which empties into the inferior vena cava, and the jugular and cephalic 
veins, which empty into the superior vena cava, it would appear that these 
results represent the changes that take place in all veins. 

The control cardiac output determinations varied considerably in the experi- 
ments in which the Fick method was used. The reason for this is not clear but 
may have been due to the fact that a trae sample of mixed venous blood was 
not obtained, for it has recently been shown (17) that blood samples taken 
.simultaneously from different points in the right auricle may have different 
contents of oxygen. Also it has been pointed out (18, 19) that the cardiac 
output in dogs anesthetized with sodium barbital is variable and that the car- 
diac output during the first 90 minutes of anesthesia is generally higher than 
subseqiient determinations. A 90 minute period follomng anesthesia was not 
allov.^ed for the circulation to become stabilized, and only short periods of time 
were allowed between cardiac output determinations in these experiments. 
There was very little variation in the control cardiac output determinations 
made by a modification of Stewar-t’s method and it is thought that these results 
are more accurate than those made by the direct Fick method. 

smnLVRY .\xr> coxclusions 

Cardiac output was measured by the direct Fick method and by a modifica- 
tion of Stewart’s method in dogs breathing oxygen and air at a pressure of 8 
and 16 cm. of water below atmospheric, 8 and 16 cm. of water above atmos- 
pheric, and at amospheric pressure. The control cardiac output determina- 
tions made with the Fick method showed considerable variation, while the con- 
trol determinations vith the modified Stewart method showed little variation. 
The cardiac output determinations with the modified Stewart method showed 
that when air under a positive preasurc of 16 cm. of water was breathed the 
cardiac outpirt was decreased. The average decrease was .33 per cent of the 
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control. When air under a negative pressure of 16 cm, was breathed there 
was little change in the cardiac output. 

Peripheral venous and right auricular pressures were measured sunultaneouslj'’ 
in dogs breathing air from a chamber in Avhich the pressure varied from 20 cm. 
of water pressure above to 20 cm. below atmospheric pressure. When air 
under a positive pressure of 16 cm. of water was breathed the pressure fall 
from peripheral vein to right auricle was decreased. The average decrease 
was 72 per cent of the pressure fall when air under atmospheric pressiue was 
breathed in one group of experiments and 64 per cent in another. When air 
under a negative pressure of 16 cm. of water was breathed the pressure fall 
from peripheral Amin to right auricle increased. The average increase ivas 191 
per cent of the control pressure fall in one group of experiments and 244 per 
cent in another. 

Since the cardiac output of the dog changes very httle when air under a nega- 
tive pressure of 16 cm. of water is breathed it would appear that the maintenance 
' of a high peripheral A'enous pressure, ivhen right auricular pressure is greatly 
decreased, is due to the fact that the veins become partially collapsed just 
before entering the chest and increase the resistance to the flow of blood to the 
right auricle. 
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Studies of the influence of nutritional factors in blood regeneration have only 
recently involved the use of a highly purified ration supplemented entirely vith 
synthetic vitamins. AIcKibbin ct al. (1) reported in 1942 that dogs fed such 
a diet retained an adequate capacity to regenerate blood lost in repeated hemor- 
rhages, Anemia occurred -when riboflavin was omitted from the vitamin sup- 
plement (2) but the level of thiamin did not appear to be critical (3). In the 
present study a severe anemia has been produced by bleeding rats fed sulfa- 
suxidine (succinyl sulfathiazole) in a purified diet. Ciystalline L. casei factor 
has been found to have a preventive and corrective action on this anemia. 

Sulfasuxidine included in a purified diet fed to rats usually produces granulo- 
cytopenia rather than anemia. Hemorrhage has )3een used in these sulfasux- 
idine-fed rats as a means of demonstrating a latent erythropoietic inadequacy. 

Crystalline substances vhich support the growth of Lactobacillus casei E 
and Streptococcus lactis R were isolated from liver and yeast by Stokstad (4). 
A new L. casei factor isolated from an unstated source has recently been de- 
scribed bj’' Hutchings, Stokstad, Bohonos and Slobodkin (5). It has been 
knovm that certain concentrates from liver, j^east and other sources stimulated 
the gi’owth of micro-organisms and exerted potent effects on the blood picture 
and growth of rats (6, 7, 8), chicks (9) and monkeys (10), (The term “folic 
acid” has often been used to denote the active principle in these concentrates.) 
Pfiffner et al. (11) isolated a ciystalline substance from liver which they termed 
“vitamin Be”. This prevented anemia in chicks, promoted their growth and 
stimulated the grovi;!! of Lactobacillus casei E. Daft and Sebrell (12) found 
that vitamin Bo and the new L. casei factor were both effective in correcting 
sulfonamide-induced blood dyscrasias in rats. 

There are certain advantages in the use of rats in studies on the influence of 
nutritional factors in hemoiThagic anemia. Experiments can be performed with 
large numbers; rat nutrition has been extensivelj' studied; and there is a simple 
technique available for repeated standardized bleeding of large nmnbers of 
small animals reported by Tabor, Kabat and Rosenthal (13). 

I\Iethods. Albino rats (Wistar strain’') were weaned at about 22 days and 
fed one of four highly purified diets. Of the 4 diets, one contained sulfasuxidine. 
This “sulfasuxidine diet” consisted of sulfasuxidine 1 per cent, anhydrous 
dextrose 70.76 per cent, casein (Labco) 18 per cent, cod liver oil 2 per cent, 
cottonseed (Wesson) oil 3 per cent, ferric citrate (iron 18.09 per cent) 1.16 per 

1 Osborne and Mendel rats were used in the experiment in which control diet no, 935 was 
fed. 
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cent, copper sulfate (SHsO) 0.08 per cent and salt mixtui-e no. 550 (6) 4 per 
cent. The “control diet no. 937” differed from the sulfasuxidine diet only in 
that the sulfasuxidine was replaced b3' an equal weight of dextrose. The “lac- 
tose diet” contained the same ingredients as the control diet no. 937 except that 
15 per cent lactose replaced an equal weight of dextrose. On all 3 diets, each 
rat received a daily supplement of lOOy of thiamine hji'dinchloride, 200y of 
riboflavin, lOOy of pyiidoxine hydrochloride, 200y of calcium pantothenate, 
1 mgm. of niacin, 10 mgm. of choline cliloride, 0.5y of biotin (Merck) and 20y 
of 2-meth3d-l, 4-naphthoquinone. The other diet used was the “control diet 
no. 955.” It consisted of sucrose 68.26 grams, casein 18.0 grams, crisco 8.0 
grams, ferric citrate 1.16 grams, copper sulfate (5H2O) 0.08 gram and salt 
mixture no. 550, 4 grams. Into this diet were incorporated 1 mgm. of thiamine 
hj’-drochloride, 2 mgm. of riboflavin, 1 mgm. of pjwidoxine hj’-drochloride, 4 mgm. 
of calcium pantothenate, 2 mgm. of niacin, 200 mgm. of choline chloride, 0.001 
mgm. of biotin and 0.4 mgm. of 2-meth3d-l ,4-naphthoquinone. Twice weekly 
each rat received a supplement of 0.25 cc. of corn oil containing 2000 units of 
vitamin A and 200 imits of vitamin D (Natola) and once weekl3’' 3 mgm. of a- 
tocopherol in 0.03 cc. of eth3i laurate.- 

A special supplement of the new’ ciystalline L. casei factor- of Hutchings 
et al. (5) was given orall3’ by pipette to some rats for preventive or therapeutic 
purposes. When used for prevention of anemia, it wns given as a regular daily 
dose erf 2.5y started 2 da3’-s before hemorrhages were begun. For correction 
of anemia, a daily dose of 25y was given for each of 4 da3’’S. 

In expeiiments in wiiich 2, 3 or 4 conditions w’ere under comparison, groups 
of 2, 3 or 4 litter mates of the same sex and closely comparable w'eight were used 
to make up the experimental groups. In the bleeding and other procedures, 
care was taken to stud3'' and treat litter mates altematel3’’ and similarly. 

The technique used b3'^ Tabor, Kabat and Rosenthal (13) in bleeding mice 
wns used with slight modifications for bleeding rats. The animals are restrained 
in cloth wrappings from which the tail protrudes. The tail is cut with a sharp 
knife at 1 to 2 mm. from the end and immersed in 1.3 per cent sodium oxalate 
solution contained in a 10 cc. graduated cylinder. The cylinder is suspended 
in a constant temperature wnter liath at 43°C. The volume of blood removed 
from a rat is determined b3’’ reading the increment in volume of the fluid in 
the cylinder. When the calculated volume of blood has been withdrawn, the 
tail is, tied close to the end with heavy thread. 

Sodium chloride (0.9 per cent) w’as injected intraperitoneally just prior to 
bleeding as a routine precaution against death during the bleeding procedure. 
A volume equivalent to 5 per cent of the body weight was administered.- Of 
68 rats bled a total of 638 times, onl3’' 2 died during the bleeding or Avithin sev- 
eral hours of it. A few rats which appeared wnak after the hemorrhage wnre 
given additional saline. 

In all experiments but one, the volume of blood removed w’as equivalent to 

* The crystalline material used in the present studies was furnished through the courtesy 
of E. L. R. Stokstad, B. L. Hutchings and N. H. Slobodkin of Lederle Laboratories. - 
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approximately 2 per cent of the body weight determined immediately before 
the saline injection. In the preliminary experiment TOth rats fed the sulfa- 
suxidine diet, the voliune of blood removed was equivalent to approximately 
1-| per cent of the body weight. Bleedings were made every other day or three 
times weekly except at certain stages in the lactose experiment when more fre- 
quent bleedings were made and are so indicated. 

Hemoglobin deteiminations on the total amount of shed blood were done by 
an acid heraatin method, using a photoelectric colorimeter. Hematocrit values 
were obtained from a drop of tail blood by a micromethod using Van Allen 
tubes and isotonic sodium oxalate as an anticoagulant. Determinations were 
made routineh’^ before each bleeding and at inteiwals of several days following 
the cessation of a series of bleedings. Hemoglobin determinations from a 
drop of tail blood were made "with the oxyhemoglobin method of Sanford et al. 
(14). Total white blood cell counts were made with Trenner pipettes and 
counting chambers certified by the Bureau of Standards. Polymorphonuclear 
cells were counted dnectly in the chamber under a high diy lens (300 diameters). 

In experiments where hemorrhagic anemia was being produced, the sexles 
of bleedings was started after 5 days’ preparation on the sulfasuxidine diet in 
the preliminarj’' experiment, after 10 days in the confirmatoiy experiment, and 
as specifically indicated in other experiments. The series of bleedings was 
terminated when hematocrit values of 20 vol. per cent or less were reached and 
when comparison vith pimdous values suggested that no significant amount of 
regeneration was taking place. In all such experiments the bleeding period 
was ended simultaneously in all of the litter mates subjected to this procedure. 

Results. Hemorrhage in rats Jed purified diets. The data in table 1 are 
from a study of 10 male rats fed control diet no. 955. Bleedings were started 
after a 20-day preparation on this diet. Within 5 days after the last of 10 bleed- 
ings (made during a 21-day period), the hematocrit values were found within 
the normal range. Weight gain was at a rate of 2.5 grams a day during this 
bleeding period. 

In order to determine whether a change in the carbohydrate in the diet would 
have any effect on blood regeneration, a study was made of 4 rats which were 
fed a 15 per cent lactose diet. After a 10-day preparation on the diet, the rats 
were subjected to 22 bleedings during a 41 day period. Hematocrit values be- 
fore the bleedings were started were 41, 38, 38 and 35 vol. per cent. The ini- 
tial 13 bleedings® were spaced over a period of 27 days. Two days after the 
thirteenth bleeding, the hematocrit values were 31, 30, 35 and 31 vol. per cent. 
During the following 9 days, 8 bleedings were made and 2 days later the hemato- 
crits were 31, 28, 46 and 31 vol. per cent respectively. Three days after the 
22nd bleeding, the respective hematocrit values were 40, 34, 45 and 35 vol. per 
cent. Weight gains during the month following the cessation of bleeding were 
33, 69, 66 and 47 gi-ams as compared with gains of 19, 20, 32 and 27 grams 
during the preceding month when bleedings were made. 

Hemorrhage in rats fed the sulfasuxidine diet. In a preliminarj’- experiment 

* One rat bad only 10 bleedings. 
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observations on 7 rats indicated that a severe anemia could be produced in 
rats fed the sulfasuxidine diet and subjected to hemorrhage (group A). A 
supplement of crystalline L. casei factor administered to 7 litter mates (group B), 
had a preventive action on this anemia. In the rats given L. casci factor, 
average hematocrit values of 44 vol. per cent (range: 40-48) and 45 vol. per 
cent (range: 41-49) were obtained 6 and 10 days respectively after the last 
of 11 bleedings made during a 24 daj' period. In the rats not receiving this 
supplement, the ai’erage hematocrit values were 19 vol. per cent (range: 15-21) 
and 20 vol. per cent (range: 18-22) at corresponding periods of time. The 
average hemoglobin concentration 10 days after the last bleeding was 14.8 

TABLE 1 


Effect of repeated hemorrhage on 10 rats fed a purified diet 


NUMBER OF 

1 

NtJilBER OF DAYS 
AFTER FIRST 

1 

BODY WEIGHT 

(average) 

nEMATOCRIT— VOL. % 

i U:. U K KU A U ha 

HEifORRHAGE 

Average 

Range 

1 

0 

O 3 
o 

47 

44-51 

2 

3 

106 

39 

34-46 

" 3 

5 

114 

j 41 

35-43 

4 

7 

118 

38 

30-41 

5 

9 

124 

37 

28-44 

6 

11 

127 

42 

36-45 

7 

14 

140 

42 

38-46 

8 

16 

144 

39 

36-44 

9 

19 

154 

44 

41-48 

10 

21 

158 

41 

39-46 


23 

164 

39 

31-44 


26 

166 

43 

36-48 


Ten male Osborne and Mendel rats were fed control diet no. 955 and bled 2 per cent of 
their body weight 3 times weekly. Average value for total hemoglobin removed in 10 bleed- 
ings = 3.20 grams. These data were obtained in a collaborative study with Dr. Leon A. 
Heppel, Laboratory of Industrial Hygiene. 

grams per cent (range: 14.0-15.8) in group B and 6.6 grams per cent (range: 
5.3-7.6) in group A. 

The findings of this preliminary experiment were confirmed in a larger ex- 
periment (table 2). In a group (A') of 10 sulfasuxidine-fed rats, the average 
hematocrit 6 days after the last of 6 to 9 bleedings was 14 vol, per cent (range: 
9-21 vol. per cent) while in a group (B') of litter mates treated similarly but 
supplemented with L. casei factor, the average hematocrit was 35 vol. per cent 
(range: 29-40 vol. per cent). 

Of 10 litter mates (group C') fed the same sulfasuxidine diet but not bled, 
anemia developed in only 1 case. The hematocrits of the other rats in group 
C' averaged 40 vol. per cent (range: 38-44 vol. per cent). (Severe granuloc 3 ’-- 
topenia, discussed below, was noted in all the rats in group C' before death.) 
These hematocrit deteiminations were made 2 to 5 days before death (31 to 
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36 days after the start of the experiment). These results agree with the fre- 
quency of spontaneous anemia in a larger group of rats fed sulfasuxidine-con- 
taining purified diets in other experiments in this laboratory. Litter- mates 
(group D') receiving the control diet no. 937 had an average hematocrit value 
'of 40 vol. per cent at this time. 


HEMORRHAGE PERIOD POST -HEMORRHAGE PERIOD 



Fig. 1. Effect of crystalline L. casei factor (“folic acid”) on the hematocrit and weight 
of rats fed a sulfasuxidine diet and bled three times weekly. 

Group B' received 2 {t -/ of crystalline L. cascf factor (“folic acid”) daily. Group A' (litter 
mates) received no supplement. Hematocrit and weight values were obtained immediately 
before bleeding. Each pair of litter mates was bled 2 per cent of the body weight 7 to 9 
times. The numbers at each point in the figure indicate the number of animals represented 
in the average. Fewer animals are represented in the last 3 points in the hemorrhage period 
because fewer hemorrhages were necessary to reach severe anemic levels in some of the rats. 
The post-hemorrhage period includes all the rats. A value is not given for group A' at 10 
days in the post-hemorrhage period because 5 of the rats had died and 3 had been treated 
with L. casei factor (table 2). 

The curs’es in figure 1 represent the course of average hematocrit values dur- 
ing the series of bleedings. In comparing the group (A') fed the sulfasuxidine 
diet alone with the group (B') given a supplement of L. casei factor, a divergence 
may be noted after the second bleeding which steadily becomes more marked. 
The difference between the 2 groups is most striking after the cessation of bleed- 
ings, vdien the L. casei factor-supplemented rats rapidly regain noimal levels 
while the unsupplemented rats .shoAv no evidence of recoveiy. A comparison 
of an individual rat fed the sulfasuxidine diet alone vith its litter mate given a 
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supplement of L. casei factor shows a much more marked point of divergence 
than is indicated by a composite curve. In 10 litter mates (lA'-lB' through 
lOA'-lOB' in table 2) which were so compared, this divergence was noted after 
2, 1, 3, 4, 3, 5, 6, 2, 5 and 7 bleedings respectiveljL 

TABLE 2 


Production of anemia by bleeding rats fed the sulfasuxidine diet and prevention of 
anemia by L. casei factor (“folic acid”) 


GROUP 

AND DIET 

RAT 

KUil- 

BER 

NUMBER 

or 

BLEED- 

INGS 

TOTAL 

HEMO- 

GLOBIN 

REMOVED 

DAYS ON 
SULPA- 
SUXIDINE 
DIET AT 
LAST 

BLEEDING 

IIEMATOCRXT—VOL. 

% 

HEMOGLOBIN 
CONC.— CMS. 

% 

LEUCOCYTE COUNT* 

6 DAYS AETER 
LAST BLEEDING 

Initiaf 

(after 

10 

days 

on 

diet) 

2 

days 

after 

last 

bleed- 

ing 

6 

days 

after 

last 

bleed- 

ing 

10 

days 

after 

last 

bleed- 

ing 

6 

days 

after 

last 

bleed- 

ing 

10 

days 

after 

last 

bleed- 

ing 

Total 
leuco- 
cytes 
per cu. 
mm. 

Total 
poly- 
morpho- 
nuclear 
leucocytes 
per cu. 
mm. 


m 












Group A' 

19 

0 


30 

40 

13 

t 




t 


Sulfasux- 




25 


14 

13 

t 


i 

4,300 

50 

idinc diet 




25 

41 

14 

13 

t 

5.0 

t 

1,000 

0 


4A' 


0.71 

25 

41 

13 

21 

21 

8.0 

8.1 

5,050 

0 


5A' 

KM 

0.03 

25 

43 

0 

9 

t 

3.8 

t 

1,750 

0 


6A' 


1.11 

30 

41 

10 

16 

t 

6.4 

t 

2,250 

0 


7A' 

0 

0.70 

28 

40 

9 

8 

t 

2.0 

t 

3,600 

60 


8A' 

c 

0.62 

22 

35 

13 

19 

t 


t 

2,160 

160 


OA' 

9 

0.93 

28 

42 

12 

12 

t 

4.9 

t 

4,600 

50 


lOA' 

8 

0.77 

27 

37 

14 

17 

18 

0.9 

7.9 

6,800 

50 

Averages 

0.78 


40 

13 

14 


m 

m 

3,600 

30 

Group B' 

IB' 

9 

119 

30 

38 

23 

32 

39 


WM 

7,500 

2,500 

Sulfasux- 

2B' 



25 

38 

32 

40 

37 

m 


12,800 

3,300 

idinc diet 

3B' 


■la 

26 

39 

24 

34 

43 

11.3 

14.1 

9,550 

2,850 

+ L. casei 

4B' 


0.79 

25 

41 

21 

32 

40 

9.3 

13.4 

5,650 

350 

factor 

SB' 

MM 

0.S2 

25 

41 

19 

29 

28 

9.5 

11.2 

6,850 

300 

(“folio 

6B' 

9 

1.43 

30 

40 

20 

39 

43 

12.0 

13.4 

9,150 

1,100 

acid”) 2.5 

7B' 

9 

0.88 

28 

37 

30 

38 

40 

11.8 

13.9 

10,600 

1,050 

y daily 

SB' 

6 

0.01 

22 

39 

20 

38 

43 

10.1 

13.2 

7,250 

2,900 


OB' 

9 

1.07 

28 

37 

33 

38 

43 

12.4 

14.9 

7,800 

400 


lOB' 

S 

0.08 

27 

30 

20 

32 


11.5 


10,400 

550 

Averages 

0.95 


39 

20 

35 

40 

11.0 

13.3 

8,655 

1,530 


* Average total leucocyte counts initially (after 10 days on the diet) ■were 0,105 and 8,895 for groups A' and B' 
respectively, and the average polymorphonuclear cell counts -were 1,017 and 1,741 respectively, 
t Dead. 

t Treated ■with L. casei factor. See table 4. 

j Bleedings of 2 per cent of the body weight were started after 10 days* preparation on the diet and carried out 3 times 
weekly. Eats with the same numbers in groups A' and B' were litter mates of the same sex. Eats in groups C' and 
D' (discussedin text) -were likewise litter mates of the same sex which ivere given the sulfasuxidine and the control no. 
937 diets respectively, but were not subjected to hemorrhage. 


The weight curves in figure 1 reveal that the group (A') not supplemented 
with L. casei factor continued to gain for approximately 7 days after failure in 
blood regeneration was notable. The weight curves of individual rats in group 
A' show the same pattern as that of the average curve. Of 10 rats, all but one 
continued to gain in weight for 2 to 12 days after the hematocrit values began 
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to diverge from those of group B'. The rats in group B' continued to gain in 
•weight to the end of the experiment. 

Hemoglobin determinations made on the shed blood revealed an average total 
of 0.78 gram hemoglobin per rat removed from the group (A') in which anemia 
was produced as compared vdth an average total of 0.95 gi-am hemoglobin per 
rat removed from the group (B') in which it was prevented (table 2). This 
difference is due to the fixed procedure in this experiment of remo\dng a volume 
of blood on the basis of bod}"- weight so that as rats develop anemia, relatively 
less hemoglobin is removed in the same volume of blood. Thus, during the 
first half of the experiment, rats in groups A' and B' had lost an average total 
of 0.47 and 0.48 gram hemoglobin per rat respectively. During the second half 
of the experiment when anemia was becoming manifest in group A', rats in this 
group lost an average total of 0.31 gram hemoglobin per rat as compared with 
an average total of 0.47 gram hemoglobin per rat in group B'. Thus the rats 
in group A' not recehdng L. casci factor developed a severe anemia even though 
subjected to a smaller hemoglobin loss than the rats in group B' given a sup- 
plement of crystalline L. casei factor. 

A severe granulocytopenia (150 poljmoiphonuclear cells per cu. mm. or less) 
was noted in 21 of 22 rats (in which counts were obtainable) getting the sulfa- 
suxidine diet -without a supplement of ciystalline L. casei factor. Xo differ- 
ence was obseived either in the time of onset or severity of the granulocyto- 
penia between the groups of rats that were bled and the group that was not. 
Severe granulocytopenia did not occur in any of the other groups (group B, 
group B' and group D'). 

Production of anemia with delayed Ueedings in rats fed the sulfasuxidine diet. 
From the experiments described above it seemed probable that ingestion of 
the sulfasuxidine-containing diet created a deficiency state in which eiythro- 
poiesis was inadequate. This disturbance was seldom manifested in the 
hematocrit values. Therefore, the function of hemorrhage might have been 
to demonstrate regularly this erythropoietic inadequacy. The data in the fol- 
lowing experiment appear to support this mechanism for the production of this 
hemoiThagic anemia. Three groups of litter mates w’ere placed on the sulfa- 
suxidine diet at -weaning. Regular bleedings were started- after 9 days in group 
I and after 18 days in group 11. When both groups had been on the diet for 
27 days, the average hematocrit value for group I after a bleeding period of 
18 days was 21 vol. per cent, wiiile the value for group II after a bleeding period 
of only 9 days was 18 vol, per cent (table 3). At this time group III, which 
served as a control, had an average hematocrit value of 38 vol. per cent. Bleed- 
ings were then started (after 27 days) in group III and continued in groups I 
and II. After 34 days on the diet, an anemia of equal severity w’as noted in 
all 3 groups even though preceded by a bleeding period of 25 days in group I, 
IG days in group II, and only 7 days in group III. The amount of hemoglobin 
removed was in approximate proportion to the number of bleedings that were 
made (table 3). 

Trcalmmi of hemorrhagic anemia. Of 31 rats which developed a severe hemor- 
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rhagic- anemia (groups A, A', I, II and III), 13 were treated Muth crystalline 
L. casci factor. The remaining rats which were not treated died in an average 
of 7 daj^s (range: 1-13 days) after the last bleeding. During this time no sig- 
nificant increases in hematocrit were obseiwed. Two rats in which treatment 
was started at 6 and 10 days after the last bleeding survived less than 2 days. 
Nine of the remaining 11 treated rats showed a strildng response with a rise in 
hematocrit from an average level of 15 vol. per cent just prior to treatment (6 
to 10 days after the last bleeding) to levels of 28 vol. per cent at 4 days after 
start of treatment and 41 vol. per cent at 10 days after start of treatment 
(table 4). Two rats showed no response at 4 days after treatment and 
died before the tenth day. 


TABLES 

Production of anemia until delayed bleedings in rats fed the sulfasuxidine diet 



GROUP I 

GROUP 11 

GROUP in 

NtJjrBER 
or DAYS 

ON DIET 

Num- 

ber 

of 

pre- 

vious 

bleed- 

ing 

Num- 

ber 

of 

rats 

Hema- 

tocrit 

2 days 
after 
previous 
bleeding 
(average) 

Hemo- 

globin 

removed 

in 

previous 

bleeding 

(average) 

Num- 

ber 

of 

prev- 

ious 

bleed- 

ings 

Niun- 

ber 

of 

rats 

Hema- 

tocrit 

2 days 
after 
previous 
bleeding 
(average) 

Hemo- 

globin 

removed 

in 

previous 

bleeding 

(average) 

Num- 

ber 

of 

pre- 

vious 

bleed- 

ings 

Num- 

ber 

of 

rats 

Hema- 

tocrit 

2 days 
after 
previous 
bleeding 
(average) 

Hemo- 

globin 

removed 

in 

previous 

bleeding 

(average) 




vol. % 

gms. % 



voU% 

gms. % 



vol. % 

gms. % 

0 

0 

6 

40 










11 

1 

6 

30 

0.130 









14 

2 

6 

32 

0.096 









16 

3 

6 

29 










IS 

4 

0 - 

27 

0.008 

0 

6 

42 






20 

5 

6 

27 

0.088 

1 

6 

29 

0.174 





22 

C 

0 

23 

0.084 

2 

6 

23 






24 

7 

6 , 

22 

0.078 

3 

6 

19 






27 

8 

C 

21 

0.074 

4 

6 

18 


0 

4 

38 


29 

n 

5 

20 

0.082 

5 

5 

16 

0.086 

1 

4 

27 

B!| 

32 

■9 

4 

20 

0.084 

6 

4 

18 

0.081 

2 

4 

23 

BitTH 

34 

11 

3 

14 

0.061 

7 

4 

15 

0.080 

3 

4 

15 

0.098 


Rats in groups I, II, III are litter mates of the same sex and comparable rreight fed the sulfasuxidine diet at wean- 
ing. Bleedings of 2 per cent of the body weightwerecarriedoutStimesweekly. 


A severe granulocytopenia was noted in each of 7 rats in which white blood 
cell counts ivere made along irith hematocrit determinations before treatment. 
In rats which showed a positive hematocrit response, the polymorphonuclear 
cell count after 4 days increased from levels of 0 to 150 cells per cu. mm. to levels 
of 1000 to 4150 cells per cu. mm. Weight gains and increased activity accom- 
panied the correction of the blood dyscrasias. Rats which failed to show a 
hematocrit rise in response to treatment likeirise showed no increase in poly- 
morphonuclear cell count. 

Discussion. The results of these studies show that a severe, persistent 
anemia may be produced regularly by bleeding rats which are fed a purified 
diet containing sulfasuxidine (table 2). Such an anemia was noted in only a 
small percentage of rats fed a sulfasuxidine diet without bleeding. When rats 
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were fed a purified diet \\ithout sulfasuxidine, no such persistent anemia was 
found even after long periods of bleeding (table 1). 

In a study on the mechanism of production of this hemorrhagic anemia, it 
was found that the length of time during which the rats had ingested the sulfa- 
suxidine-containing diet was more important than the number of bleedings 

TABLE 4 


Treatment of anemia with crystalline L. casei factor (“folic acid") 


GEOXTP 

HEiCVTOCMI— VOL. % , 

Before treatment 

After treatment 

i 1 

2 davs after 1 
last blccdinp 

6 days after 
last bleeding 

to days after 
last bleeding 

4 days 

10 days 

Treatment 

14 

13 


23 

40* 

begun 6 days 

14 

13 


27 

38t 

after last 

12 

12 


28 

39 

bleeding 

20 I 

17 


38 

42 


13 i 

9 i 

1 


SO 

37 

Treatment 

13 

20 

19 

34 

44 

begun 10 

16 i 

15 1 

18 

14 

t 

daj’s after 

14 

23 

18 

22 

34 

last bleeding' 

16 


14 

15 



18 


20 

32 

50 


22 


18 

31 

45 

Xo treat- 

16 

21 

22§ ' 



ment*** 

20 

21 

22§ 




13 

21 

21** 




13 

10 

7** 




* Hemoglobin cone, immediately before treatment was 4.9 gms. % and 12.6 gms. % ten 
days after treatment. 

t Hemoglobin cone, immediately before treatment was 5.0 gms. % and 12.6 gms. % ten 
days after treatment. 

J Died on 8th day after start of treatment. 

X Died on 7th day after start of treatment. 

§ Died on 12th day after last bleeding. 

** Died on 13th day after last bleeding. 

Data in this table are from rats with anemia (groups A, A', I, II, and III) . Treatment 
dose was 25*/ on each of 4 days. Determinations were made routinely immediately before 
and at 4 and 10 days after start of treatment. 

*** The 18 rats with anemia which were not treated with L. casei factor died in an 
average of 7 days (range; 1-13 days) after the last bleeding. Values listed in this section 
arc for rats surviving 10 days or more. 

and extent of hemoglobin lo.s.s. Thus in three groups of rats fed a sulfasuxidine- 
containing diet from weaning, a severe anemia was developed in all at the same 
time, even though preceded by. a bleeding period of 25 da 3 's in one group, 16 
da 3 's in another, and only 7 da 3 's in the third (table 3). Therefore, it appears 
probable that the ingestion of sulfasuxidine in a purified diet creates a deficiency 
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state in which a latent anemia may become manifest by withdrawal of a suffi- 
cient amount of blood. 

Supplements of crystalline L. casei factor (“folic acid”) had a preventive 
action on the production of such an anemia in rats fed a sulfasuxidine diet and 
subjected to hemorrhage (table 2). Litter mates, wliich had not been given 
this supplement and developed anemia, responded to the later administration of 
the supplement in corrective doses (table 4). From an average value of 15 
vol. per cent before treatment, the hematocrit rose to 28 vol. per cent 4 days 
later and then to 41 vol. per cent on the tenth daj’’ after the beginning of treat- 
ment. Hematocrit levels in anemic rats which were not treated showed no sig- 
nificant increases or decreases until death. 

It should be emphasized that the doses of L. casci factor which were found to 
have preventive and corrective actions on this hemorrhagic anemia do not neces- 
sarily represent the optimal dosage levels. It is not unlikely that increased 
effectiveness might result from the use of higher dosages or from the concurrent 
administration of other factors. Comparison of the regenerative capacitj'^ of 
animals on a purified diet (table 1) with that of sulfasuxidine-fed rats supple- 
mented with L. casei factor (“folic acid”) (table 2) supports these possibilities. 

Hematocrit values were obtained regularly during the series of bleedings to 
which the sulfasuxidine-fed rats were subjected. In a comparison of the hema- 
tocrit values of an unsupplemented rat mth those of its litter mate given a 
supplement of ciystalline L. casd factor, the point at which the two diverge 
may be seen clearly. As time went on, this difference became greater until 
finally when the series of bleedings was teiminated, the hematocrit value of the 
unsupplemented rat had reached a low level from which it did not rise, while 
the supplemented rat quickly achieved normal values which it maintained. 
These data indicate that L. casei factor exerts an important influence on red 
blood cell regeneration after hemorrhage in sulfasu.xidine-fed rats. 

It is noteworthy that a definite indication of failure in blood regeneration 
occurred wliile the rats were still gaining in weight and were alert and active. 

The powerful blood regenerative capacity possessed by rats was shomi in 
the study where a purified diet was fed! (table 1). Bleedings equivalent to 
2 per cent of the body weight were made tQ times in a 21-day period. Within 
5 days' after the last bleeding, each rat reaa-ed near normal hematocrit levels. 
If the whole blood volume is considered to be approximately 8 per cent of the 
body weight (15), then these rats lost and regenerated their complete red blood 
cell volume about every 9 days. This study does not indicate the maximum 
regenerative capacity. 

By bleeding rats during the development of a deficiency state, we have been 
able to demonstrate an erythropoietic inadequacy which would otherw^ise have 
remained latent. The use of an easy technique for repeated standardized bleed- 
ing of small animals has permitted the study of large numbers of rats. This 
approach and technique seiving as a “load test” maj’- find useful application in 
the detection of latent hemopoietic dysfunction in a variety of deficiency, toxic 
and disease states. 
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SUMMARY 

Severe anemia may be produced regularly in rats fed a sulfasuxidine-contain- 
ing, purified diet and subjected to hemorrhages. In rats fed the same diet but 
not bled, anemia occurs in only a small percentage of the cases. 

Development of the anemia is more dependent on the length of time that the 
diet has been fed than on the length of the bleeding period. 

Ci-ystalline L. casei factor (“folic acid”) has been foimd to have a preventive 
and corrective action on this hemorrhagic anemia. 

Rats fed a purified diet alone did not develop anemia when bled to the same 
extent as the sulfasuxidine-fed rats. 

It is probable that the ingestion of .sulfasuxidine in a purified diet creates a 
deficiency state in which repeated hemorrhages may make a latent eiythro- 
poietic inadequacy manifest. 

The use of hemorrhage as a “load-test” is suggested for the detection of latent 
hemopoietic inadequacy. The availability of a simple teclmique for repeated 
standardized bleeding of large numbers of small animals encourages the use of 
such a test. 
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It has been shown that even severe degrees of anoxic anoxia have no appre- 
eiable effect on the propulsive motility of the small intestine in the dog. On 
the other hand the motility of the stomach (1) and that of the large intestine 
(2) are decreased by even moderate degrees of this tyj^e of anoxia. Since the 
small intestine has a similar innervation to that of the stomach it w'ould be ex- 
pected that anoxic anoxia w’oiild inhibit the motility of the small intestine the 
same as it did the stomach. ' 

In order to studj'’ this phase of the problem further it w^as thought \vorth- 
while to premedicate the animals with an epinephrine-potentiating-agent, such 
ns cocaine, before subjecting them to anoxic anoxia. It was felt that the com- 
bined action of anoxia and an epinephrine-potentiating-agent (cocaine) should 
produce a noticeable decrease in the propulsive motility of the small intestine. 
It had been showm previously (3) that cocaine alone had no appreciable effect 
on the propulsive motility of the small intestine in the noimal dog. 

It has been showm recently in our laboratory (4) that in dogs a hemorrhage 
equal to 3 per cent of the bodj’’ w'eight caused a significant acceleration of the 
propulsive motility of the small intestine. This finding w^as unexpected, be- 
cause it is generally felt that hemorrhage stimulates the sympathetic division 
of the autonomic neiwous system and the motility, therefore, should have been 
decreased. In this instance, too, it W'as deemed of interest to administer an 
epinephrine-potentiating-agent such as cocaine, to an animal which previously 
had been hemorrhaged. 

Since the effect of an epinephrine-potentiating-agent (cocaine) had been 
studied in combination with anoxic anoxia and with anemic anoxia on the 
propulsive motility of the small intestine, it seemed logical to study also the 
combined effect of anemic and anoxic anoxia (cocaine was not administered in 
this study). This w^as of particular interest, because it w^as found previously 
that hemorrhage caused an increase in motility of the small intestine, whereas 
anoxic anoxia had no effect. 

Methods, a. The effect of an epinephrine-potentiating-agent and anoxic 
anoxia on the motility of the small intestine. Matched pairs of dogs were used, 
one to serve as the control animal and the other as the experimental. The 
experimental animal w^as given by stomach tube 50 cc. of 10 per cent powdered 

' Aided by a grant of the Ella Sachs Plotz Foundation. 
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charcoal in a 10 per cent aqueous solution of gum acacia. Cocaine (10 mgm./ 
kgm.) was given intramuscularly immediately. Five minutes later the animal 
was placed in a low-pressure chamber and subjected to a pressure of 246.8 mm. 
Hg, which corresponds to an approximate altitude of 28,000 feet. At the end 
of 30 minutes, coimtmg from the time the animal was intubated, the animal 
was removed from the low-pressure chamber, a fatal concentration of ether 
administered, the small intestine removed, slit open and the distance traversed 
by the charcoal mixture measured. 

The control animals in lieu of cocaine were given an inti'amuscular injection 
of normal saline solution. They were not, of course, subjected to anoxic anoxia, 
but otherwise the same procedure was followed. 

b. The effect of an epinephrine-potentiatiag-agent and anemic anoxia on 
the motility of the small intestine. Matched pairs of dogs were used also in 
these experiments. One animal served as a control while the other was sub- 
jected to a hemorrhage. 

The femoral artery was exposed tmder light ether anesthesia and an amount 
of blood equal to 3 per cent of the body weight was withdrawn. The wound 
was closed and the animal allowed 6 hours to recuperate from the effects of the 
anesthesia and the immediate effects of the hemorrhage. It was then given 
oO cc. of the powdered charcoal-acacia mixture by stomach tube and immediatelj’’ 
cocaine (10 mgm./kgm.) was given intramuscularly. At the end of 30 minutes 
the animal was sacrificed and the distance the charcoal-mixture had traversed 
the smaU intestine was measured. 

The control animal was treated the same as the experimental except that an 
intramuscular injection of normal saline solution was given m lieu of cocaine 
and although the femoral artery was exposed and ligated no blood was vdth- 
drawn. 

c. The combioed effect of anoxic and anemic anoxia. In this instance prac- 
tically the same procedure was used as described under 6. The animals were 
not, however, given cocaine following intubation of the charcoal-mixture, but 
subjected to anoxia (a barometric pressure of 294.4 mm. Hg) four minutes 
later. At the end of 30 minutes (from the time of intubation) the small intes- 
tines were removed and the distance measured which the charcoal had traversed. 

Eeselts. The combined effect of an epinephrine-potentiating-agent and 
anoxic anoxia on the propulsive motility of the small intestine is .shown in 
table 1. The results clearly indicate that the propulsive motility of the small 
intestine is significantly decreased. 

Table 2 shows the combined effect of cocaine and hemorrhage (3 per cent 
of the body weight) on the propulsive motility of the .‘mall intestine. These 
data also show that the motiIit 3 ’' is markedly decreased. 

Table 3 shows the combined effect of anemic and anoxic anoxia. The data 
show that when the animal is subjected to these two types of anoxia the pro- 
pulsive motility of the .mall intestine is not significantly affected. 

It will be noted that the total lengths of the .small intestine of the control 
animals was approximate^' the same as the experimental. This was especially 
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true of the data in tables 1 and 2. Because of this the actual number of centi- 
meters traversed by the charcoal-acacia mixture was used instead of percentage 
figures. 


TABLE 1 


Effect of cocaine administration combined with anoxic anoxia {246.8 mm. Hg.) on the propulsive 

motility of the small intestine 


CONTEOL 

EXPEKDJENTAL 

Body weiglit 

Length of 
intestine 

Distance 
traversed by 
charcoal 

Body weight 

Length of 
intestine 

Distance 
traversed by 
charcoal 

hgm. 

cm. 

cm. 

hgm. 

cm. 

cm. 

9.21 

225 

190 

8.96 

225 

90 

10.30 

257 

210 

5.67 

172 

117 

6.60 

186 

186 

8.62 

251 

96 

6.10 

198 

184 

7.79 

234 

124 

10.30 

237 

210 

5.67 

172 

117 

8.19 

245 

222 

8.50 

214 

119 

4.93 

203 

199 

6.21 

249 

181 

8.84 

267 

158 

10.10 

291 

63 

5.39 

200 

173 

4.96 

200 

120 

11.80 

301 

250 

7.88 

245 

47 

9.41 

213 

213 

8.87 

252 

199 

Ave.: 8.19 

230 

200* 

7.67 

228 

116* 


* Difference = 84 cm.; t = 5.5006; p — <0.001. it and p according to Fisher) 


TABLE 2 


Effect of cocaine administration combined with anemic anoxia {hemorrhage 3% of body weight"} 
on the propulsive motility of the small intestine 


CONTROL 

EXPERIMENTAL 

Body weight 

Length of 
intestine 

Distance 
traversed by 
charcoal 

Body weight 

Length of 
intestine 

Distance 
traversed by 
charcoal 

hgm. 

cm. 

cm. 

hgm. 

cm. 

cm. 

10.7 

403 


9.27 

236 

90 

5.87 

201 


7.99 

259 

78 

8.45 

258 

175 

11.5 

318 

79 

9.69 

220 

201 

12.8 

274 

82 

3.49 

163 

131 

4.88 

222 

56 

16.0 

349 

248 

12.9 

329 

67 

Ave.: 9.03 

266 

202* 

9.89 

273 

74* 


* Difference = 128 cm.; i = 5.8996; p = <0.001. 


Discussion. It has been recognized for a long time that anoxia may in- 
fluence the autonomic nervous system. Cannon has held for many years that 
the sympathetico-adrenal system plays an important r61e in the adaptation of 
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an animal to anoxia. Sawyer el al. (5) in 1933 reported that cats which had 
had the greater part of their autonomic neiwous system removed could not with- 
stand anoxic anoxia nearly as well as normal cats. It is held by Monge (6) 
and by Aste (7) that residents of high altitudes .show a hypertonus of the auto- 
nomic nervous system. 

Recently Gellhom and his associates have shomi that a variety of agents such 
as anoxic anoxia and metrazol (8), heat and cold (9), cocaine and bulbocapnine 
(10) all are capable of stimulating both the sympathetic and parasympathetic 
nerves. It is pointed out by these workers, however, that as a rule the action 
of the sympathetic neivcs predominates over that of the parasympathetic. 

In view' of the wmrk of GelUiorn and his colleagues our findings are of in- 
terest. We obsen'ed that although anoxic anoxia alone does not produce a 

TABLE 3 


The combined effect of anoxic anoxia {29/f4 mm. Hg) and anemic anoxia (hemorrhage 3% of 
body weight) on the propulsive motility of the small intestine 


CONTROL 

EXPERIMENTAL 

Body Tveight 

Length of 
intestine 

Distance 
traversed by 
charcoal 

Body Tvciglit 

Length of 
intestine 

Distance 
traversed by 
charcoal 

kgm. 

cm. 

cm. 

igm. 

cm. 

cm. 

11.2 

367 

182 

7.03 

303 

157 

4.31 

181 

160 

5.13 

199 

182 

9.13 

336 

119 

8.33 

262 

176 

6.29 

238 

184 

10.5 

358 

278 

14.4 

249 

249 

13.6 

251 

251 

11.5 

289 

69 

12.7 

272 

172 

16.8 

223 

196 

18.0 

333 

60 

7.20 

230 

80 

8.16 

223 

223 

8.05 

231 

231 

8.36 

203 

81 

6.12 

219 

182 

8.96 

230 

177 

Ave.: 9.20 

256 

166* 

10.08 

273 

186* 


* Difference = 20 cm-ji = 0.60901; p = >0.20. 


decrease in propulsive motility of the small intestine of the dog, it does do so 
if the animal is premedicated with an epinephrine-potentiating-agent like co- 
caine. This result is not unexpected since it is genei'ally felt that anoxic anoxia 
stimulates the sympathetic division of the autonomic nervous system. This is 
indeed a nice example of .synergistic action in the animal organism. 

If an epinephrine-potentiating-agent is administered following a hemorrhage 
the picture is somewhat more complicated. Hemorrhage, that is, anemic 
anoxia, produces an acceleration of the propulsive motility of the small intestine 
(4) presumably by stimulation of the parasjTnpathetic nerves. It may probably 
be assumed, however, that anemic anoxia like anoxic anoxia is capable of stimu- 
lating both the .sympathetic and parasympathetic nerves. \Wien cocaine is 
administered following a hemorrhage its ci)inephrinc-potentiating qualities 
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stimulate the sympathetic division of the autonomic neiTOUS system and anemic 
anoxia now produces a decrease in the propulsive motility of the small intestine 
rather than an acceleration as it did when cocaine was not administered. The 
combined elfects of anoxic anoxia and the epinephrine-potentiating-agent, too, 
could be considered as a synergistic action, tliat is, their combined action over- 
shadows the stimulation of the paras 5 anpathetic nerves and hence hemorrhage 
no longer produces an acceleration of the propulsive motility of the small in- 
testine. 

As previously mentioned anoxic anoxia has no appreciable effect on the pro- 
pulsive motility of the small intestine in the dog, whereas anemic anoxia pro- 
duces a significant increase in motilitjx The data in table 3 show that when 
these two types of anoxia were used together there was no significant change in 
the motility of the intestine. 

If we assume that anemic anoxia like anoxic anoxia is capable of stimulating 
both the sympathetic and parasympathetic neivcs, it would be expected that 
some sjmergistic action might occur and that stimulation of the sjunpathetic 
neiwes would predominate over that of the parasjunpathetic. That this was 
true, in part at least, is showi by the fact that a combination of anoxic and 
anemic anoxia prevented the acceleration of the propulsive motility of the gut 
ordinarily produced by anemic anoxia alone. 

suamARY 

The combined effect of an epinephrine-potentiating-agent (cocaine) and 
anoxic anoxia and vith anemic anoxia was studied on the propulsive motility 
of the small intestine of the dog. It had been established previously that 
neither anoxic anoxia nor cocaine alone had any appreciable effect on the motil- 
ity of the small intestine. It had been shown, however, that hemorrhage equal 
to 3 per cent of the body weight caused a significant acceleration of the motility 
of the small intestine. 

It was obseived that if the animals were premedicated with cocaine and then 
subjected to anoxic anoxia, there was a statistically significant decrease in the 
propulsive motility of the small intestine. Further, if cocaiue was given to an 
animal which had suffered a hemorrhage (equal to 3 per cent of the body weight), 
anemic anoxia no longer produced an acceleration but rather a statistically sig- 
nificant decrease in propulsive motility. 

The interpretation of these findings is that in the first instance cocaine pro- 
duced a synergistic action with anoxic anoxia; the sympathetic nerves were 
stimulated and the motility of the small intestine was decreased. In the sec- 
ond instance, that is, following hemorrhage, cocaine again produced a syner- 
gistic action with the sympathetic nerves, so that during anemic anoxia the 
action of these latter neives predominated over that of the parasympathetics. 

When animals were subjected to combined anoxic and anemic anoxia, (with- 
out the influence of cocaine) the first named type of anoxia by stimulating the 
sympathetic fibers prevented the acceleration of the propulsive motility of the 
small intestine ordinarily produced by anemic anoxia alone. 
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Previous studies in which radioactive phosphorus (P^-) was used as a tracer 
have shown that the resting metabolism of striated muscle involves a cycle of 
phosphate interchanges in Avhich inorganic phosphate, phosphocreatine (PC), 
the labile phosphate gi’oups of adenosine triphosphate (ATP), and fructose-6- 
phosphate (FP) take part (8, 9). Glucose-6-phosphate (GP) does not enter into 
the cycle, nor is the cycle utilized to supply the energy for contraction (5, 6). 
These tracer studies have also indicated that the absorption of glucose b}’^ the 
muscle cell takes place through the formation of GP on the membrane, vith sub- 
sequent penetration into the cell interior of only the glucose portion of the mole- 
cule (8). The work to be presented here consists of a study by the same tracer 
technique, of the effects of prolonged activity, recovery from such activity, and 
the administration of glucose, on the metabohsm of the phosphorus compounds 
of muscle. 

The principal findings in these experiments are: prolonged activity does not 
influence either the uptake of P^- or its distribution beriveen the various P com- 
pounds; recoveiy from such activity does increase the turnover of P significantly, 
especially in the post-absorptive state; the administration of glucose to the post- 
absorptive animal depresses the turnover of PC and ATP, but does not influence 
the turnover of GP. These latter effects are seen both in resting muscle and in 
recover^’’ from contraction. In addition, further evidence has been obtained in 
favor of the mechanism of glucose absoi'ption previously postulated. 

Cats were used as the experimental animals, as in the previous studies. Ordi- 
narily they were fed once daily, late in the afternoon. Those which were used 
the morning following such regular feeding were considered to be in the post- 
absorptive state. In another group, food was witliheld for one daj'- before the 
animals were used. These were considered to be fasting at the time of the 
experiment. 

The induction of anesthesia and preparation of the gastrocnemius muscles were 
carried out in the usual way. When glucose was given, 30 cc. per kgm. of 5 per 
cent solution was injected intraperitoneally, half an hour after the subcutaneous 
administration of the disodium phosphate conta ini ng the P^-. Stimulation was 
by means of condenser discharges through the sciatic nerve, at the rate of 1 per 
second for 15 minutes, against moderate initial tension. Inhhe recovery experi- 
ments, a two-hour period was allowed after the cessation of stimulation. In 
eveiy case, one muscle was left in the resting state throughout. Four houp 

1 Supported by a grant from the John and Mary R, Marlde Foundation. 
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after the injection of the P“^, the two muscles were frozen in the usual manner. 
Trichloroacetic acid filtrates were prepared, and the P compounds isolated from 
the filtrates. The phosphate present as PC, and as the two acid-labile groups of 
ATP, were separated in the manner previously described (9). The hexosemono- 
phosphate fraction was subjected to fractional hydrolysis vith acid (8) to obtain 
fractions representing PP and GP. All phosphate precipitates were converted 
to MgNH 4 P 04 , and measurements of radioacthdty made on the material so ob- 
tained by the procedure used in the previous studies. In the tables, all measure- 
ments of relative radioactivity have been recalculated to the basis of one million 
counts per minute injected per kgm. bodj’’ weight, as of the day of counting the 
samples. 

Ejfects of 'prolonged slimvlaiion. Tliis procedure was carried out only on post- 
absorptive animals, since prevdous work has shown that the high P®- content of 
the GP in fasted animals represents principally material adsorbed on the cell 
membrane rather than intracellular material, whereas in post-absorptive animals, 
the P®- in this substance, as well as in the PC and ATP, represents phosphorus 
which is principally, if not enturely, intracellular. Furthermore, the nature of 
the experimental conditions chosen limits the number of points on which signifi- 
cant data can be obtained. It has previously been established (9) that four 
hours after the injection of P^^ the normal resting metabolism results in equal P^^ 
contents of PC and ATP. It therefore becomes impossible under the present 
conditions to determine whether interchange takes place between these two 
compounds in contraction. The points which can be studied are: first, whether 
the prolonged activity results in an increased total uptake of P“, and second, 
whether the activity brings about interchange between the PC and ATP on the 
one hand, and the FP and GP on the other. The data of table 1 show that neither 
increased uptake of P^- nor interchange between the nitrogenous and the carbohy- 
drate P compounds lias taken place. These data confiim and extend the findings 
of Flock and BoUman (1), who found no increased uptake of P^^ by the ATP of 
muscles of rats stimulated at the rate of 3 tvitches per second for periods up to 60 
minutes. Under their conditions, a large part of the ATP underwent breakdomi 
in the early part of the contraction period, whereas with the stimulation rate of 1 
per second, there is no breakdonm of this compound. 

. Recovery from prolonged activity. In their experiments on rats, Flock and Boll- 

man found an increased P^- content of the ATP after recovery. The present 
results, in table 1, confirm their obser\’'ation, also show that the effect is not lim- 
ited to this substance, but is general for all the organic P compounds present. 
The percentage increase in uptake of P^* is about the same for all the compounds 
except GP. Since it has been shovm that FP in cat muscle is formed only from P 
derived from PC or ATP, whereas the formation of GP is an independent process 
(8), the experimental finding can best be interpreted as that of an acceleration in 
recover}' of the type of metabolic process which characterizes the resting state. 
In the light of the concept generally held today, that phosphorylation is associated 
vdth oxidation, the finding tends to support the view expressed by the author 
several years ago (10), that the increased oxygen consumption and heat produc- 
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tioii by muscle in the post-contraction period represent a gradual return of the 
stimulated tissue to the resting metabohc level, rather than the oxidative recovery 
from anaerobic contraction first postulated by Hill in 1913 (2), and restated as 
recently as 1940 (3, 4). 


TABLE 1 

Effect of stimulation, recovery and glucose administration on turnover in muscles of cats 

in post-absorptive state 


Values are expressed as counts per minute per mgm. P, calculated to tlie basis of one 
million counts per minute injected per kilogram body weight. 


PHOSPHOCREATIKE 

ADENOSINE 

TRIPHOS- 

PHATE 

pructose-6- 

PHOSPHATE 

glucose-6 

PHOSPHATE 

PHOSPHO- 

CREATINE 

ADENOSINE 

TRIPHOS- 

PHATE 

ERUCTOSE-e- 

PHOSPHATE 

GLUCOSE-6 

PHOSPHATE 

Resting 

Stimulated 

■BBi 

n 

61 

77 

99 

102 

41 

54 



76 

59 

138 

125 

69 

77 


143 

— 

47 

204 

160 

105 

44 

157 

150 

133 

73 

104 

115 

— 

76 

Av. 144 

131 

90 

64 

136 

126 

72 

63 


Stimulation and recovery 

146 

■■ 

73 

58 

308 

282 


72 

137 


64 

45 

207 

177 

126 

73 

208 

172 

no 

67 

263 

234 

168 

83 

’ 124 

115 

75 

55 

157 . 

174 

128 

65 

Av. 154 

143 

81 

56 

234 

217 

131 

73 


After glucose 


67 

131 

89 

SO 

R 46 

L 39 

R 105 

L 75 

58 

76 

87 

87 

51 

56 

99 

92 

55 

51 

67 

67 

32 

17 

50 

38 

37 

70 

60 

47 

30 

38 

94 

89 

147 

90 

124 

— 

75 

41 

71 

78 

74 

59 

75 

70 

Av. 79 

76 

48 

53 

n 

103 

66 

70 


Effects of glucose administration. There is a marked difference m the effects of 
glucose administration on P turnover in fasting and in the post-absorptive state. 
In resting muscles of post-absorptive animals, glucose causes a decrease in the 
P ®2 level reached by aU the organic P compounds except GP. Presumably this 
signifies a decrease in the metabolic turnover of these compounds, or, stated in 
different terms, a partial suppression of the phosphorylation cycle. 

Tliis effect of glucose is seen, not only in the resting state, but also in recovery 
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from contraction (table 1). Here also, GP alone of tbe four compounds is not 
affected. The average P^^ content of the PC, ATP and FP of the re.sting mus- 
cles after glucose administration is practically onc-half -that of these compounds 
in animals not given glucose; similarly, the P®^ contents of these compounds in 
the recovering muscles is one-half as great after glucose as when no glucose is 
given. In the case of GP, on the other hand, the average figures, both in rest 
and recover^’', are the same vith and vithout glucose administration. Since in 
the cat FP is formed only from P introduced into the cell interior as PC or ATP, 
these findings again sen’-e to emphasize that the phosphorylation cycle is con- 
cerned only with resting metabolism and that GP does not enter the cycle. 

In the fasting animal, glucose is without effect on the turnover of PC and ATP 
(table 2) . This may be related to the effect which has frequently been observed, 
of the failure of a single administration of glucose to raise the R.Q. in a fast- 
ing animal, presumably because the insulin content of the pancreas is very 
low in fasting. It has recentl 3 ’’ been shown (7) that insulin does increase 
the P turnover in the muscles of fasting animals given glucose. This cannot be 
the complete explanation, however, for it leaves unaccounted for the decreased 
turnover that glucose causes in the post-absorptive animal, which is capable of 
responding by an increased insulin output to the glucose stimulus. 

The administration of glucose to the post-absorptive animal has a quantita- 
tively greater effect on the turnover of PC than of ATP. In the case of the latter, 
the uptake of the tracer is reduced to the same level as in the fastmg animal ; the 
turnover of PC, on the other hand, is reduced to levels well below those found in 
fasting- This difference in effect strengthens the view expressed elsewhere (9) 
that the formation of PC on the membrane is a process independent of the forma- 
tion at ATP in the same site, even though the compounds are inter-related in the 
metabolic processes of the cell interior. 

It is impossible to establish from the data at hand whether glucose administra- 
tion has any effect on the recovery increase in turnover that was found in the post- 
absorptive state. It must be pointed out, however, that such data would have 
been valid only with respect to PC and ATP. The high P^- content of the GP 
in the fasting animals has been shovii (8) to consist principaUj-- of material ad- 
sorbed on the cell membrane rather than that which has entered the cell by 
metabolic turnover. In the work referred to the conclusion was dravn that this 
adsorbed material represented GP formed on the membrane as the first reaction 
in the absorption of glucose, and that in the absorption only the glucose portion 
of the molecule entered the cell interior. On this basis the P“ content of theGP 
during active glucose absorption does not, unfortunately, give a measure of the 
rate at which glucose is being absorbed. Rather it gives a picture of the instan- 
taneous situation on the membrane. For this reason, the failure of the GP 
fraction to show anj' consistent increase in P^- content during recovery from ac- 
tivity under glucose administration, may be an artefact. That is, it would be 
expected that under the conditions given, glucose absorption would be going on 
actively. However, the time selected for the recoveiy period may not have 
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been the optimum one; it is quite possible that, had the muscles been sampled 
earlier in recover^’', a much higher content would have been found. To estab- 
Ush this point would requme a veiy prolonged series of experiments in which 
muscles were sampled at different durations of recovery. 

TABLE 2 


Effect of glucose adminisiraiion and of stimulation and recovery on P^- turnover in muscles of 

cats in fasting state 
Values are in same units as in table 1 


PH03PH0CREATIN*E 

ADEN'OSnCE 

TRIPHOS- 

PHATE 

rEL'CTOSE-6- 

PHOSPHATE 

GLrC05E-6 

PHOSPHATE 

PHOSPHO- 

CREATLVE 

ADEN'OSINX 

TRIPHOS- 

PHATE 

rEUCTOSE-6- 

PHOSPHATE 

ci.t:coSE-6 

PHOSPHATE 

Resting 


R 

lOS 

82 



— 





L 

117 

67 

— 

— 





R 

64 

50 

— 

— 





L 

80 

51 

— 

— 





R 

136 

91 

— 

— 





L 

137 

79 

— 

— 





R 

173 

113 

— 

— 





L 

182 

117 

— 

— 





R 

— 

75 

31 

114 





L 

— 

84 

14 

167 





R 

. — 

52 

19 

170 



i 


L 

— 


25 

219 





R 

— 


60 

228 





L 



oG 

252 





R 

— 


45 

217 





L 

— 



298 





Av. 

125 

76 

30 

208 

1 

■ 



After glucose 

Resting Stimulation and recovery 



210 

106 

— 

665 

1 191 

133 

- 

830 


87 

63 


402 

■ 106 

95 



342 


SS 

84 

50 

610 

, 108 
' 70 

96 

59 

855 


52 

72 

103 

385 

76 

50 

396 

R 

67 

64 

— 

495 

1 




L 

76 

70 


434 

! 




R 

158 

82 

72 

590 

J 




L 

88 

73 

38 

528 

i 




Av. 

103 

IHI 

06 

514 

■■ 


55 

COO 
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SUMMARY AND CONCLUSIONS 

1. The effects of prolonged stimulation, recoveiy, and glucose administration 
on the uptake of by the phosphorus compounds of muscle have been studied 
on cats in the fasting and post-absoi^ptive states. 

2. The uptake of by phosphocreatine, the labile phosphate groups of 
adenosine triphosphate, and fructose-6-phosphate is greater in the post-absorp- 
tive state than in fasting. 

3. Prolonged contraction is wthout effect on either the uptake of P®" by any 
of the acid-soluble organic phosphorus compounds of muscle, or its distribution 
among them. 

4. In recovery from prolonged activity, there is a marked increase in the meta- 
bolic turnover rate of all the P compounds present, as evidenced by a higher P^- 
content. 

5. In the post-absorptive state, the administration of glucose reduces the 
metabolic turnover rate of phosphocreatine, adenosine triphosphate, and 
fructose-6-phosphate, but not that of glucose-6-phosphate; these effects are seen 
both in resting muscle and in that recovering from prolonged activity. 

6. In the fasting state, the administration of glucose does not affect the 
metabolic turnover rate of phosphocreatine and adenosine triphosphate. 

7. The findings tend to support the view that an oxidative phosphorylation 
cycle is involved in the resting metabolism of muscle, but not in the metabolism 
of muscular contraction, and that glucose-6-phosphate does not take part in this 
cycle. 
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Many years ago Howell (1, 2) observed that “an increase in concentration of 
potassium salts within certain limits increases the sensitivity of the (terrapin) 
heart to vagus stimulation.” No mammalian experiments were reported, al- 
though in a subsequent article the statement is made that results with perfused 
cats’ hearts support those on the turtle (3). Hering (4) has also reported experi- 
ments on the dog which suggest that the relationship between potassium and the 
vagus is also to be found in the mammal. Subsequently attention was directed 
awa 3 ’’ from this action of potassium bj’’ the demonstration that acetylcholine is 
apparent^ the chief mediator of peripheral parasj'^mpathetic impulses (5). 
Within recent years, hoAvever, other evidence has developed which points to an 
intimate phj'^siological association between acetylcholine and the potassium ion. 
For example, they are both concerned in some way mth the transmission of exci- 
tation at the myoneural junction in skeletal muscle (6, 7, 8) and in the production 
of the action current in neiwe (9, 10, 11, 12). The present experiments examine 
the possiljility that potassium may generallj’^ enhance the effectiveness of para- 
si’^mpathetic stimulation in the mammal. Attention has been confined wholly to 
effects obtained within the restricted I’ange of concentrations of serum potassium 
compatible vdth life and normal beha^dor. 

Methods. Seventeen dogs under nembutal anesthesia were employed. 
Changes in heart rate and in auriculo-ventricular (A-^^) conduction time were 
recorded by the electrocardiograph folloMng a variety of physiological procedures 
canied out at various levels of the semm potassium. These included 1, stimula- 
tion of the distal end of the ligated right vagus; 2, pressure on the carotid sinus 
and on the larynx; 3, elicitation of the carotid sinus reflex by the transient hj’^per- 
tension of adrenalin injection; and 4, the intravenous injection of 0.05 to 0.10 
mgm. of acetyL/S-methjdcholine chloride. The influence of acetyl-jS-methylcho- 
line on the motility of the stomach, recoi’ded bj^ means of a balloon and tambour 
sj'stem, was also studied. The concentration of potassium in seiiim was in- 
creased either acutelj' b}’^ the .slow intravenous infusion of an isotonic solution of 
potassium clfloride, or more graduall.y Iw tlie auto-intoxication with potassium 
wliich follows bilateral ureteral ligation (13). In certain experiments of the latter 
type these various procedures were repeated folloMng intravenous injection of a 
solution of calcium chloride, in order to determine the effect of an increased con- 
centration of calcium in serum. Potassium and calcium determinations Avere 
made bA' methods previoush- described (14, 15). 

1 This Avork was supported by a grant from the Associate Committee on Army Medical 
Research of the National Research Council of Canada. 


627 



G28 


H. E. HOFF, D. G. HUMM AND A. W. ^^^NKLER 


In experiments involving direct stimulation of the vagus nerve, constancy of 
stimulation.was achieved by use of shielded electrodes applied to the distal por- 
tion of the ligated nerve with as little dissection as possible. That constancy of 
stimulation was attained was demonstrated by the fact that stimulation regained 
its original degree of effectiveness, when potassium levels returned to normal, 
several hours after the control stimulation. 



SECONDS APTCR JNJECTtON 


Fig. 1 Fig 2 

Fig. 1. iNIarch 16, 1914. Dog. Xombutal anesthesia. Effect of increasing serum potas- 
sium concentrations on the bradycardia induced by electrical stimulation of distal end of 
cut right vagus White bars indicate interval of stimulation. A; control electrocardio- 
gram, serum potassium 3.3 m.cq. per liter. B and C: successive stimulation as the scrum 
potassium rose to 8.0 m.cq. per liter. D: stimulation some time after the infusion of potas- 
sium chloride had been stopped, and the serum potassium had fallen to 4.6 m.eq. per liter. 
Note the increased response at higher levels of serum potassium. 

Fig. 2. .January 14, 1944. Dog. Xembutal anesthesia. Heart rate following intra- 
venous injection of 0.5 cc of acctyl-0-mcthj'lcholine chloride (1 :5,000) at levels of serum 
pota.s.sium of 6.3 (circles), 8 3 (crosses), and 9.3 m.eq. per liter (squares). The response is 
much greater at higher levels of scrum potassium. 

Rr.suLT.s. In all experiments the sensitivity of the heart to t'agal stimulation 
wa.s increa.sed in the presence of an elevated scrum potassium (fig. 1) without 
regard to the mean.s whereby vagus discharge was invoked, whether direct, or re- 
flexly via the carotifi sinti.s or laryngeal reflexes. Tiie response to intravenous in- 
jection of acctyi-^-methylcholine chloride was otjually increased (fig. 2). This 
increa.scd sensitivity was manifest after elevations of serum potassium as small 
as l.O m.cq. per liter, and became progressively more marked as higher levels 
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were reached. Results obtained when serum potassium increased spontaneously 
in anuria were the same as when potassium was injected. Significant changes 
Avere noted at concentrations of potassium in senim which had produced onh^ 
a slight elevation in the amplitude of the T waves, but had not altered the nor- 
mal rate of the heart nor disturbed intracardiac conduction. In certain e.xperi- 
ments relatively small doses of acetA'l-jS-methylcholine chloride, 0.05 mgni. in a 
25-lcgm. dog, Avere AAithout influence on the auricular rate either before or after 





Fig. 3. March 1, 1944. Dog. Nembutal anesthesia. Influence of acetyl-^-methyl- 
choHne chloride, 0.5 cc. of 1 :5,000 intraA'cnously, on gastric motility at different levels of 
serum potassium, as recorded by balloon and tambour. Bars indicate moment of injection. 
A: control, serum potassium 4.0 ni.eq. per liter. B: just after infusion of potassium chloride, 
serum potassium 6.5 m.eq. per liter. C: two hours after termination of infusion, serum 
potassium 5.0 m.eq. per liter. 

clcA'^ation of the seium potassium. Auriculoventricular block and subsequent 
A'entricular arrest AA’ere the sole cardiac effects of the drug. With inciease in 
serum potassium the duration of the block Avas prolonged. The increased sensi- 
tivity of the heart to vagal stimulation AAith a rising concentration of serum po- 
tassium Avas reversible Avhen the concentration of potassium Avas permitted to 
decline. With decreasing concentration of serum potassium the I’e-sponsweness 
to stimulation AA-ith acet3d-/3-methAdcholine chloride Avas consistent AA-ith the cur- 
lent leA’el of serum potassium, and both returned to normal simultaneou.sl3 . 
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A similar augmentation in the response of the stomach to intravenous injection 
of acetyl-/3-meth3’lcholine chloride followed elevation in the serum potassium con- 
centration (fig. 3). The salivary response to this drug was also magnified in the 
presence of an elevated serum potassium. These effects were also completely 
reversible. 

Increase in the concentration of seiaim calcium, although it was associated with 
some reduction in the level of seinim potassium, was found to produce a further, 
verjf^ marked, increase in the cardiac re.sponse to acetyh/S-methylcholine (fig. 4). 



Fig. 4. Januarj’’28, 19-44. Dog. Xembutal anesthesia. Elevation of serum potassium 
due to anuria following bilateral ligation of the ureters. Synergistic effects on heart 
rate of simultaneous increase in serum calcixim and in serum potassium. A standard 
dose of 0..5 cc. of 1:5,000 acetj'l-/ 3 -meth 3 dcholine chloride was given intravenously in 
each experiment. Open circles: .serum potassium 8.0 m.eq. per liter, scrum calcium 10.0 
mgm. per cent. Open squares; serum potassium 1.3.0 m.eq per liter, serum calcium un- 
clianged. Solid circles: serum potassium 13.0 m.eq. per liter, serum calcium 38.0 mgm. 
per cent. 

In experiment.? in which intravenou-s injection of adrenalin wa.s employed to 
elicit vagal reflexe.?, it wa.s obseivcd that alteration in the level of scrum potas- 
sium did not influence the general blood pressure reaction. 

D1.SCU.SSIOX. The.se experiments with dogs demonstrate a marked variation in 
the effectiveness of para.sj'mpathetic transmi.ssion with small changes in tlie con- 
centration of potassium in serum. Excitatory actions, such as motoi- stimulation 
of the stomach, vaty with concentration of .seium pota.s.sium jiust as do inhi))itory 
actions of the paras^'mpathetic sj'.stem. It may be recalled in this connection that 
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the enhancement by potassium salts of gastric contractidns induced bj* vagal 
stimulation was first noted in the frog b3'' Kupalow (16) in Babldn’s laboratorv. 
Since the level of serum iDOtassium in the dog maj' vaiy spontaneouslj' b}’- as much 
as 3 m.eq. per liter, it is quite probable that significant variations in the respon- 
siveness of the heart and the gastro-intestinal S3’-stem ma3’' result from physiologi- 
cal alterations in the seram potassium. 

The enhancement of the response to acet3’’l-/3-meth3dcholine chloride b3’ 
elevation of serum potassium suggests a common locus of action for both sub- 
stances. Increased liberation of acetylcholine b3’’ vagal endings is not excluded 
by these expeiiments, but is rendered unlikety b3’- certain recent obseiwations of 
Naclunansohn and Machado (17) . The3’’ found that potassium does not facilitate 
the formation of acetylcholine in cell-free media, although tissues do react to 
acetylcholine vith increased vigor when small amounts of potassium are added 
to the perfusate. Diminution in the rate of destruction of acetylcholine b3' ester- 
ase is probably not the basis for the increased response to acetylcholine (18, 19) 
caused by potassium, so that its action differs from that of eserine and related 
substances. Some undefined association of potassium and acetylcholine at the 
surface of cells is indicated. The suggestion of Mann, Tannenbaum, and Quas- 
tel (20) that potassium increases the permeability of cells to acetylcholine is at 
present purety speculative. 

The lack of influence of an elevated serum potassium upon the pressor response 
to adrenalin suggests that no reciprocal influence upon the S3Tnpathetic mechan- 
ism accompanies its effect on the paras5'mpathetic S3’stem. There is also no indi- 
cation of an3’ antagonism between the actions of potassium and of calcium on the 
heart, such as occurs in cold-blooded animals. This confirms previous failure to 
demonstrate such consistent antagonism in the mammalian heart (21). The 
effects of calcium, unlike those of potassium, are demonstrable onty with altera- 
tions of serum calcium considerabty be3’'ond the normal range. 

It is well recognized that the paras3'mpathetic division varies widel3' in the 
vigor of man3' of its manifestations, such as the carotid sinus reflex. The role 
which variations in the concentration of potassium nia3* pla3' in such variations 
of autonomic function is at present unknown. Potassium is not unique among 
naturall3^ occurring substances in its stimulating action; for example, excess of 
th3Toid hormone is also laionm to facilitate paras3Tnpathetic activity (22). Any 
modem picture of autonomic function must take into account the existence of 
these pln-siological modifv'ing factors. 

SUMMARY AND CONCLUSIONS 

1. The effectiveness of vagal stimulation is reversibty enhanced b3' an increase 
in the concentration of potassium in semm. 

2. This increased responsiveness to vagal stimulation is demonstrable at levels 
of serum potassium Avlnch are in themselves without influence on heart rate or 
intracardiac conduction. 

3. This facilitation probabty results from an increased sensiti^ity of the tissues 
to acetylcholine. 
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Temperature and light have both been demonstrated to be environmental 
factors responsible in part for the daily spontaneous activity rhytlnns of rats 
(Szymanski, 1918; Hemmingsen and ICi-amp, 1937; Browman, 1937, 1943a, 
1943b). It was recently reported that modification of the nonnal 24 hour to a 
16 hour rh 3 d.hm could lie induced in rats b 3 ’- the manipulation of artificial light 
(Bro\vman, 1943a). Normal and blinded rats under constant light or dark 
conditions respond to controlled daily temperature changes by having their 
peaks of greatest activity during the daily cool period (Browman, 1943b). 

Since rats can be induced to have 16 hour daily rhythms when subjected to 
light changes every 8 hours, and since rats also respond to, daily temperature 
changes, would it be possible still further to modify the spontaneous activity 
day by control of both daily light and temperature changes? For example, 
could rats be induced to have 2 peaks of spontaneous acthdty per 24 hours 
instead of the usual 1? 

Methods. The methods and apparatus were the same in general as employed 
in previous observations on spontaneous acti\fity (Brovunan, 1943a, 1943b). 
A Teleclrron time switch automatically turned fluorescent lights on or off every 
6 hours. The thermostats were manually operated. Temperatures were set 
at 16°C. (60°F.) during the dark 6 hour periods, and 27°C. (80°F.) during the 
light 6 hour periods. Temperature control was possible vfithin a range of less 
than 2°C. for any setting. All 8 a.m., 2 p.m. and 8 p.m. readings and settings 
were done by the author. All 2 a.m. readings and thermostat adjustments were 
made by a conscientious night watclrman. Control of minimum humidity (45 ' 
■ per cent) only was possible -with available apparatus. 

Since onfy 16 voluntary work registering cages of the revolving type were 
available it was necessary to run 2 series of expeiiments consecutively. Both 
series of animals came from a basic 16 generation inbred line. The first series 
.reiwesented animals coming from a sub-strain which had been maintamed for- 
5 generations in constant dark. The second' series consisted of animals from 
another substrain maintained for 5 generations imder conditions of continuous 
light. All experimental animals were born in the artificial 12 hour day, and all 
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enucleated animals had botii e 3 'eballs removed on the day of birth. The rats 
were weaned at 28 days of age, and immediately placed in activity cages. Re- 
cordings of spontaneous activity began at 40 days of age. Aiumals that "were 
spayed at 70 days of age were lightly etherized during a -warm light 6 hour period, 
ovariotomized via a ventral abdominal incision, and promptly returned to the 
activit}’- age. 

The phrase “a 24 hour activity rh 3 rthm” in this report means that the peak 
of daily spontaneous activitj’- is confined to either one. or the other of the 2 dark 
cold periods of each 24 hour daj' as set up in this investigation. The term “12 
hour acti%'it 5 " rhjiihm” refers to the fact that the peaks of dailj'^ actiwty are 
approximately equally distributed between the 2 dark cold periods of each 24 
hour da%'. An animal is said to have shifted from one type of rhythm to another 
onlj’’ when tlie new rhythm has continued for at least 4 days (see fig. 1). 

^ TABLE 1 


Sponlaneoxis aclivit]/ of normal and blinded female rats in an artificial 18 hour day 


SERIES 

, KO. OP 

I RATS 

1 

COST)IT. 
or EYES 

TIEST 30 DAY PERIOD 

TREATilEKT 
AT EXD or 
ISTPEP.IOD 

1 

1 SECO.VD 30 DAY PERIOD 

Av. daily 
activity 

Av. no. da. in 
12 hi. rhythm 

Av. daily 
activity 

1 Av. no. da. in 
12 hr. rhythm 

I 

7 1 

Nor. 1 

2,725 1 

9.8 

None 

: 3,962 

1 

1 .7 


■9 1 

j 

Bl. 

1 

5,319 

8.0 

None 

j 

7,815 

j 0.0 

II 

! 1 
1 

Nor. 

7,395 

7.3. 

j 

None 

12,392 1 

4.5 


4 ' 

Nor. ' 

S,175 

10.0 j 

Spayed 1 

2,993 

11.7 


' 4 ' 

■ Bl. ' 

‘ 12,004 

10.2 , 

None 1 

17,889 

8.2 


4 

' Bl. 

1 11,235 

17.2 

1 

Spayed ’ 

5,135 

16.5 


Results. The averages of the activity of all 16 animals in series II for the 4 
different G hour periods per daj' result in a clear cut bimodal curve, %vith the 
two peaks of activity in the dark cold and the low points in the light waim 
periods. The same bimodal curve results in each case where the daily actmties 
of the 4 categories of experimental animals, i.e., normal and blind unspayed, 
and normal and blind spaj'cd, are averaged. The average activity of each of 
the four 6 hour periods also results in sharp bimodal curves in the cases of 7 
individual rats. If no further analysis were made the incorrect assumption 
would be that the experimental conditions had induced 12 hour rhjrihms in a 
significant number of animals during most of the period under oiiservation. 

Examination of the daily records and graphs of daily activity however reveals 
that some animals have 24 hour rfiji-hms with daily peaks of activity in one 
dark period, e.g., 2 p.m. to S p.m., and then suddenly shift and have the daily 
stint of activity in the other dark period, e.g., 2 a.m. to 8 a.m. The av^erage 
of these total daily activities for a given period jields a bimodal curve. It is 
true that most of the animals e.xhibiting the type of activity mentioned abov'e 
also had varying periods of time during which 12 hour rhythms actually did 
occur (table 1). 
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Table 1 indicates the average duration of 12 hour rhythms in each of the 
several experimental categories. Only 2 animals out of both series persisted 
in 24 hour i-hj^thms for 60 days, and 2 in the 12 hour rhythm for as long as 33 
and 37. days. The usual type of dailj’ activity pattern was a 24 hour rhythm 



Fig. 1. Black dots (•) indicate the total number of revolutions during the dark cold 6 
hour intervals, i.e., 2 a.m.-8 a.in. and 2 p.m.-8 p.m. The circumscribed dots (o) indicate 
the spontaneous activity during the rvarm lighted C hour intervals, i.e., S a.m.-2 p.m., 
and S p.m .-2 a.m. 

Fig. lA. Normal female; illustrates 10 days of 12 hour activity rhj'thm with a sudden 
shift to the 24 hour activity rhytlun for 10 days. 

Fig. IB. Bilateral optic enucleated female; illustrates 20 days of a 12 hour acti%'ity 
rliYthm. 

interrupted liy a 12 hour rhytlmi of varying duration. Figure lA shows a 
normal unspayed female having a 12 hour rhythm, and then sliifting abmptly 
to a 24 hour rhythm. Rats can be induced to have 12 hour spontaneous actiritj- 
rhytlmis for \'ar\-ing period'; of time by the use of controlled temperature' 
and light. 
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•Figure IB represents a graph of spontaneous activity 'characteristic of ani- 
mals considered to he in a 12 hour rhythm. Figures lA and IB represent the 
actmties uf nomal eyed and bilateral optic enucleated litter mate females 
running in adjacent cages from June 2 to June 22. No consistency was observed 
in the times of shift, or duration of actmty rhjdhms of either pattern, in any 
litter-mates. 

Normal and blinded animals in series H shifted their patterns of daily rhythm 
approximately the same number of times. Normal animals averaged 2.2 (range 
1-5), and the blind 2.1 (range 1-3) shifts in activity. Casual inspection would 
sugge-st that spajmd animals persisted in 12 hour rhythms longer than non- 
spayed females, but actuall3’’ Avhen compared to their own actmties before 
spajdng the spayed animals persisted with essentially the same average. 

Bhnd animals in both seiies were consistently more active than normal eyed 
animals (BroAvman, 1942), and in scries II persisted in 12 hour rhytluns signifi- 
cantly longer than normal eyed animals. The normal eyed animals had special 
senses intact for receiving both light and temperature stimuli, whereas blinded 
animals presumably could only be influenced bj’’ temperature changes. 

The difference in activity and rhythms between the two substrains, one from 
a constant dark line and the other from a continuous light line, may be largely 
genetic factors rather than purely a reflection of the difference in environmental 
backgrounds. 

Vaginal introitus had no marked influence on the daily rhythm, for 12 of 16 
females did not sliift the daily rhj'thm immediately before, during, or imme- 
diatelj' after vaginal introitus. Three only of the 12 were in the 12 hour rhythm 
at introitus. These three continued in this rhythm for at least 10 daj’-s before 
shifting rhythms. Of the 9 in 24 hour rhjdhms the earliest shift to the 12 hour 
rhj'thm occurred 7 da^’^s after introitus- The 4 females which did shift rh 3 ’’thms 
immediateh’' after introitus did so during, or within If days of, vaginal introitus. 
Three of the 4 shifted from a 24 hour to a 12 hour rhythm, and the other shifted 
from a 12 hour rhythm to a 24 hour rhythm. 

The influence of the oestrous cjmie can be seen in the spurts of actmty occur- 
ring ever}’ 4 to 5 days (fig. lA and IB). Inspection of other similar graphs 
suggests that 6 hours may not be sufl&cient time for the female in oestrus to 
“inn herself out.” Vaginal smears were taken of 6 females for 3 weeks, during 
which time 3 females shifted rhythms, and the shifts happened to occur during 
proestrus in each case. 

The gradual increase in spontaneous activity in this strain of rats as thej’’ 
grow older, reacMng a peak at about three months of age, has been previously 
reported (BroAvman, 1942). This difference in actmty due to age can be seen 
in table 3 whore an increase of GO to 70 per cent during the 2nd 30 day period 
occim-cd in the non-spayecl animals. Simultaneously activity of spajmd litter- 
mate, females decreased. Although spaj-ing reduced the total spontaneous 
actmty of both normal eyed and blinded females it had no .significant influence 
on the average number of days of either group in the 12 hour rhythm (table 1). 
Bats up to 70 daj'S of age seemed to have a slightlj^ greater number of daj’s in 
the 12 hour rhythm than they did following day 70. 
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SUMaiARY 

Thirty-two rats of an inbred strain were subjected to an artificial day length 
of 6 hours of light at 27°C., and 6 hours of dark at 16°C. for approximately 2 
months. Although no animal maintained a consistent 12 hour rh 3 'thm for more 
than 37 daj^s, 30 of 32 rats did exliibit 12 houiM’hj'thms for var 3 fing lengths of 
time. Spajfing animals at the end of the 1st month of readings had no marked 
influence on the type of dailj’- rhj'-thm, although total dailj^ actii'it}' was less. 
Rats can be induced to have 12 hour spontaneous activity' rh 3 dhms, i.e., 2 
peaks of activit 3 ' per 24 hour da 3 % for vaiying lengths of tune b 3 '' controlling 
both temperature and light conditions. 
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The hj'perglycemia of shock has received increasing consideration as prob- 
lems of metabolism related to this clinical picture have assumed greater im- 
portance (1,2). The earlier view (3, 4) associating it vitli vasoconstriction as a 
response to increased adrenalin discharge left many unsolved problems. The 
two phenomena bear no constant relation to each other either in their time of 
appearance or in the degree of their development. In traumatic shock vaso- 
constriction becomes evident promptly and is severe while hypergh’cemia is late 
and mild. After hemorrhage their occurrence relates itself to the speed of the 
loss of blood. Ydien tiiis.is reasonably rapid the hypergtycemia attains a height 
much greater than occurs in traumatic shock, the vasoconstriction also is marked 
but delayed in its appearance (5). Variations like these as well as the compara- 
tively mild hyperglycemic response to adrenalin infusion when compared to the 
response to hemorrhage have led to study of other possible mechanisms that 
may be involved. 

Attention has been directed to factors concerned with vaiiations in blood 
sugar levels. These have included the influence of rapid decrease in blood 
volume. The results of this study led to investigation of possible involvement 
of receptors in the vascular bed and their response both to rapid change in blood 
volume and to increased adrenalin blood content. 

Hyperglycemia in iraumatic shock. The method chosen for production of 
traumatic shock in dogs was the tight application of tourniquets to both Mnd 
legs for five hours. The changes following release have been detailed in earlier 
publications (6). In four animals studied for this purpose the maximal and 
ultimate rise in blood sugar was attained vithin an hour after tourniquet re- 
lease when it was 153, 159, 167 and 176 mgm. per cent respectively. 

Hyperglycemia and its relation to rate of blood loss. The rise in blood sugar 
after hemorrhage first obseiwed by Claude Bernard (7) has been confiimcd re- 
peatedly. IMuch of the recent work has been related to shock and there are 
available, as a consequence, levels of blood sugar associated with different rates 
of blood removal. It is difficult to compare these as the investigations were not 
directed primarily to the problem and many variables including animal species 
arc concerned. However, analysis of recent reports shows clearly that in rats 
the hyperglycemic response is .slight or absent when the withdrawal of blood is 

1 The work described in this paper was done with the aid of grants from the Common- 
wealth Fund and under a contract, recommended by the Committee on Medical Re.«earch, 
between the Office of Scientific Research and De%’clopmcnt and Yale University. 
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slow and much more marked when it is rapid (2). Tliis was confirmed inde- 
pendently uith man}'- dogs; the experiments that follow are typical. 

Prevention of hyperglycemia by prompt restoration of blood volume after hemor- 
rhage. The 'discrepancy between the hyperglycemic response to slow and rapid 

TABLE 1 
Dog 1 

Rapid bleeding. Blood amounting to 4% of the body weight was withdrawn in SO min- 
utes. The venous blood sugar reached 526 mgm. %. 


TIME 

BLOOD -WITaDRAWN 

VENOUS SUGAR 

min. 

% o/ body weight 

vtgm. % 

0 

1.0 

113 

20 

2.0 

113 

40 

3.0 

13S 

60 

3.5 


SO 

4.0 

22S 

107 

4.25 


120 

4.5 


. 135 

4.75 


140 


500 

150 

5.0 

526 


TABLE 2 
Dog 2 

Slow bleeding. Blood amounting to 4% of the body weight was withdrawn in 255 min- 
utes. The venous blood sugar reached only 162 mgm. %. 


TIME 

BLOOD withdrawn 

VENOUS SUGAR 

min. 

, To of body weight 

mgm. % 

0 

1.0 

93 

60 

2.0 


90 

2.25 

115 

120 

2.5 


165 

3.0 


210 

3.5 

119 

255 

4.0 


315 

4.5 

137 

345 

5.0 


' 375 

5.5 

146 

420 

i 

1 

1 

162 


bleeding suggested that this might be related to time required for the passage of 
fluid into the blood vessels from the tissues (8). To put this to test, effort was 
made to keep the blood volume constant by the replacement of withdrawn blood 
with Tyrode solution immediately after each bleeding. Under these circum- 
stances and even when the withdrawal of blood is graded in accord with a maxi- 
mal increase in blood sugar, such replacement with TjTode solution results in no 
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change from normal in the blood sugar level. It should Ise noted that the usual 
marked vasoconstriction associated v-ith tliis rate of blood vithdrasval does not 
occur. If it appears at all it is a mild and terminal event. The following figures 
from one of many experiments are typical. With the mthdraval of blood in 
amounts of 1 per cent of body weight eveiy twenty minutes for the first hour, 
and I per cent everj’^ twenty minutes thereafter, the folloving figures were ob- 
tained: before bleeding 100 mgm. per cent; at 2 per cent, 104 mgm. per cent; 
at 4 per cent, 102 mgm. per cent; at 6.5 per cent, 103 mgm. per cent; at 7.5 per 
cent, 107 mgm. per cent blood sugar. ' 

The relation of anoxia to hyperglycemia. It v'ill be recalled that slow removal 
of blood only re.sults in a mild hyperglycemia, and that even this slight re- 
sponse is eliminated when replacement vith equal quantities of Tyrode solution 
promptly follows each withdrawal. In both of these circumstances the red 
blood cells are ultimately’ gi’eatly reduced and as the jugular venous oxygen 
approaches 1 volume per cent or even less the animals die. Even with such 
extreme anoxia the blood sugar tends to remain constant. 

The influence of receptors in the vascular bed on the hyperglycemia of hemorrhage. 
Since the hyperglycemia of hemorrhage cannot be ascribed to anoxia, but is asso- 
ciated with rapid diminution in blood volume and can be prevented w'lien this 
is kept con.'stant, the possibility was considered that receptors in the vascular 
bed might be involved in its excitation. Several series of experiments Avere 
carried out in this exploration. The first included six dogs subjected to carotid 
sinus ligation- immediately before bleeding; the second, an equal number of 
animals whose carotid sinuses had been similarly’ ligated a Aveek before the hyper- 
glycemic response to hemorrhage AA'as tested; the. third and fourth invoh'cd im- 
mediate and preliminaiy stripping of the sheaths of the sinuses and of the ad- 
jacent common, internal and external carotid arteries; the fifth and sixth AA’ere 
concerned AA-ith ligation of the A'ertebral arteries and siib.sidiaiy branches from 
the .sub-claA-ian just before or a week before bleeding. These latter tAA-o series 
AA-ere undertaken as control, to determine the relative importance of occlusion of 
other large supply A'essels to the brain, as compared to influence of blood A-olurae 
upon Amscular receptors. 

None of these procedures had any’ influence upon the hypei'glycemic response 
to hemorrhage. 

The hyperglycemic response to adrenalin. The demonstration of increased 
adrenalin discharge (11, 3) after hemorrhage has been considered as the cause of 
the hyperglycemic response, even though there is not unanimity of opinion con- 
cerning either the mechanism involved in the increased adrenalin discharge or 
hoAV tliis raises the blood sugar level (12, 13). 

The normal dog responds to a single intraA'enous injection of adrenalin amount- 
ing to 0.02 mgm./kgm. or even of 0.07 mgra./kgm. w-ith a gradual rise in blood 
sugar that reaches its maximum of only approximately GO mgm. per cent in an 

- After the common carotid is freed from its fa.scial sheath it is ligated } inch below the 
bifurcation; the internal and external carotids are freed and ligated separately i inch 
distal to the bifurcation, and the sinus is then opened and emptied of blood (9 ) (10) . 
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hour or less. A very similar result follows if the same quantity of adrenalin in 
fifteen cubic centimeters of normal saline is infused intravenouslj’ and no differ- 
ence has been noted whether the time of infusion was five minutes or fifteen®. 
These results in the dog, concerning the rise in blood sugar level follomng adren- 
alin, are in accord vith those of DeBodo (14). 

"V^Tien the, adrenalin infusion is continued for an hour or even for 90 minutes 
and when the total amount of adrenalin infused is as large as 0.18 mgm./kgm., 
the hyperglycemic response is onlj’- slightly greater. The height of the rise in 
blood sugar, interestingly enough, occurs during the course of the infusion, fre- 
quently vnthin the first hour and even though the infusion is continued at the 
same rate the blood sugar often begins to decline. Similar findings are included 
by Cori et al. (12) in a table of seven dogs infused Arith adrenalin for three hours, 
and the obseiwations of Griffith et al. (15) are also in accordance with these re- 
sults. 

This limited response to adrenalin contrasts sharply with the marked blood 
sugar change after hemorrhage. There is a further difference. '\Aniile the 
starved dog, with little .glycogen in its liver does not react to adrenalin as much as 
the well fed animal, the rise in blood sugar in the latter is only slightly greater. 
The rise in blood sugar after hemorrhage, on the other hand, is materially in- 
fluenced by the glycogen content of the liver. This becomes evident from a series 
of experiments that may be simimarized as follows: The blood sugar reached 280 
to 340 mgm. per cent after standardized rapid bleeding of dogs on a noimal diet; 
when this was supplemented a day liefore bleeding by 50 to 60 grams of dextrose, 
the sugar of the blood reached from 430 to 550 mgm. per cent as determined in 
five animals. 

The influence of receptors in the vascular bed on the hyperglycemic response to 
adrenalin. With the evidence that the Imown receptors in the vascular bed are 
not involved in the blood sugar response to hemorrhage and the extensive but 
still inconclusive investigations implicating the nervous system in the adrenalin 
response, a series of experiments were undertaken quite similar to those included 
above under hemorrhage. They included injection or infusion of adrenalin 
either immediately or a week after ligation of the carotid sinuses, after immedi- 
ate or preliminary stripping of the sinuses vithout narrowing the vascular lumina 
and after immediate or preliminary ligation of the vertebral arteries. 

Sinus ligation either eliminates or greatly modifies the hyperglycemic response 
to injection or infusion of adrenalin in quantities of 0.02 to 0.05 mgm./kgm. 
during 5 to 15 minutes. When there is a response it contrasts markedly with 
that of the normal dog. The slow rise of approximatelj’- 60 mgm. per cent fol- 
lowed by an equally slow decline, both together extending over an hour or more, 
becomes a sharp rise not exceeding 30 to 40 mgm. per cent, reaching its apex in 
10 to 15 minutes and returning to noimal within an equal period. This sharp 
rise and fall were found more frequently w'hen the animals’ regular diet had been 
supplemented with 50 to 60 grams of dextrose on the da 5 ’- preceding test. 

3 Whenever the length of the infusion period exceeded five minutes, precautions were 
taken to prevent adrenalin oxidation by keeping the infusion fluid slightly acid. 
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Animals that showed no rise in blood sugar after adrenalin injection were bled 
several hours later without having been fed in the interim and then showed the 
usual marked and prolonged hj-'perglycemic response. In this way and also by- 
determination of liver glycogen after injection or infusion of adrenalin, it -was 
clearly demonstrated that lack of the hyperglycemic response to adrenalin in 
sinus ligated dogs follows even when the Ih’-er contains available glycogen that 
is discharged on bleeding. The example that follows illustrates several of these 
findings. 

Qualitatively similar changes in adrenalin respon;^e follow immediate or pre- 
liminaiy stripping of the sinuses or ligation of the ^'ertebral arteries. Complete 
elimination of the rise in blood sugar is less frequent. The short sharp rise and 
return to pre-injection level is more common, 

V 

TABLE 3 
Dog S 

If the carotid sinuses are ligated, adrenalin hyperglycemia is small and of short dura- 
tion. In contrast to this, the hypcrgbrnemia following bleeding js undiminished. 


DATE j 

1 

TIME 

BLOOD WITHDRA'VVN’ 

VENOUS SUCAK 


' 

% body wight 

mgm, % , 

6/12/44 ! 

' 9:00 a.m. Injection of 0.035 mgm./kgm. 


113 


adrenalin 




9:05 


114 


9:15 


145 


9:25 


125 


9:35 j 


106 


9:45 


100 


10:00 


103 

6/12/44 

2:00 p.m. 

1.0 

103 


2:20 

2.0 

110 


2:54 

2.5 

188 


3:19 

3.0 

368 


3:29 

No further 

430 



bleeding 



These results indicate that the hyperglycemia following adrenalin injection is 
■ mediated through the carotid .sinus and similar neural mechanisms related to 
other large arterial blood sources to the head, as for example the vertebral ar- 
tcrie.s. Since these structures are not concerned in the hyperglj'-cemic response 
to hemon-hage as is indicated 63' the experiments cited earlier, the conclusion 
seems proper that the mechanisms concerned in the hyperglycemia a.ssociatcd 
with the two procedures arc not the same. It becomes doubtful wliether in- 
crea.=ed adrenalin discharge, demonstrated to occur with mpid blood withdrawal, 
is the onh’- or decisive factor in the associated hyperglycemia. 

Jnsnlin sensiimiy after carotid sinus denervation or vertebral artery ligation. As 
a po.s.sible aid in determining the rdJe of the carotid sinus meehani.^m in adrenalin 
hvperglyccmia the fact that adrenalin is nece.ssaiy for restoration of blood sugar 
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after insulin hypoglycemia (16) Avas used as a point of departure. When adren- 
alin is lacking, return of blood sugar to nomial values is either greatly retarded or 
impossible. This is expressed in an increased insulin sensitivitj" as occurs experi- 
mentally after adrenal demedullation. With this background insulin sensitivity 
Avas studied in animals that did not respond to a'drenalin AAith hyperglycemia 
after carotid sinus or A^ertebral artery ligation. 

Ten animals Avere included in the series. ' In six the sinuses AA'ere ligated, the 
vertebral arteries in the other four. After preliminaiy determination of insulin 
sensitmty, the operations Avere completed and three to seA'^en days Avere alloAved 
to elapse before the insulin reaction Avas again tested. The example that follows 
onl}’- differs from the group inasmuch as the clinical signs were more strildng. 


TABLE 4 
Dog 4 

Prolonged and intensified effect of insulin after carotid sinus ligation 


BATE 

TlilE IN MIN. 

j 

BLOOD SUGAR 

REMARKS 



mgm. % 


6/17/44 

- 

82 

Weight 11 .4 kgm. 8 U insulin intramuscularly 


30 

70 

Restless 


60 

57 



80 

48 



i 100 

46 

1 Weak, lying doAvn 


120 

52 


y 

140 

61 

Still quiet 

6/19/44 



Bilateral carotid sinus ligation 

<ol22lAi 


93 

Weight 11.4 kgm. 8 U insulin intramuscularly 


30 

77 

Agitated, restless 


60 ' 

66 



SO 

58 

Unsteady, quiet 


100 

43 

Unable to stand ^ 


120 

44 

Convulsion; 1 gram glucose intraA’^enousl}'' 


140 

47 



230 

65 

Convulsion 


The increased sensithdty to insulin Avas common to all ten dogs as expressed by 
the protracted hypoglycemia and the sIoav return of the blood sugar to normal. 

The re.sults secured AAith insulin administered intramuscularlj’ Avere cor- 
roborated in detail AA-ith another group of animals that receiA'ed insulin intra- 
venously. It should be noted that larger quantities giA'en in broken doses at 
short inteiwals are required for production of the same degree of hypoglycemia 
on intraA-enous as compared AA'ith intramuscular injection. This is in accord 
AATith the findings of MaxAvell and Bischoff (17), that retardation of insulin absorp- 
tion by addition of ferric salts greatly enhances the activity. 

Discussion. EAudence has been presented indicating that the hypergtycemia 
after hemorrhage and that associated AAith adrenalin infusion inArnh’-e different 
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mechanisms. Blood volume would seem to be of primaiy importance in the 
former, but it is not clear how this operates. Hyperglycemia after hemorrhage 
does not result from anoxia; it does not depend upon the carotid sinus or upon 
similar, heretofore unsuspected mechanisms in the vertebral arteries. Without 
doubt the sugar is derived from the liver, but there is no clear indication how the 
increased discharge into the blood after hemorrhage is brought about. 

The very liigh values regularly encountered, even when there is spilling of 
blood sugar into the urine, contrast sharply with the comparatively mild hj^per- 
glycemia of traumatic shock and after adrenalin infusion. This is an expression 
of increased sugar release by the liver irrespective of its derivation from pre- 
formed glycogen, protein or lactic acid. It may be a manifestation of early 
regressive hepatic cell change resulting from some definite cause, perhaps related 
to stagnant anoxemia, and more liarmful than anoxia alone. Analogy for this 
' is the unlimited escape from cells rrith impaired function of substances normally 
held in their interior. An extreme example is the loss of potassium and of 
phosphates from muscle after release of tourniquets. 

The mild h 3 ’’pergl 5 ’'cemic response to adrenalin even when this is in great 
excess, suggests that adrenalin functions in association vith a controlling mech- 
anism designed to limit its effect. Tliis statement is based upon experience 
with the luing animal. Experiments included in the foregoing report leave no 
doubt that adrenalin hyperglycemia is mediated through the carotid sinuses 
and similar mechanisms of the vertebral arteries. These facts do not preclude 
a more direct and perhaps less controlled action of adrenalin on glj'cpgen cleav- 
age and sugar discharge from the liver in perfusion experiments, when all but 
local neural control is eliminated. They obviously bear no relation to possible 
influence of adrenalin on enzjTne action (18) in isolated systems or with tissue 
slices. 

With the infoimation at hand that the carotid sinus and comparable mech- 
anism of the vertebral arter}’" are involved in adrenalin hyperglycemia it became 
desirable to scrutinize explanations offered in the literature for similar variation 
of adrenalin hyperglycemia in clinical and experimental conditions. Many of 
these involve the hypophysis. As earlj’- as 1912 Aschner (19) showed that hypo- 
physectomized animals did not respond to adrenalin injection vath glycosuria. 
This was later corroborated by several investigators from the standpoint of the 
blood .sugar level (20, 2,1). More recently DeBodo and Ins associates (14) have 
studied the question intensively. Their experiments show conclusively that 
hypophysectomj' minimizes or eliminates the hyperglycemic response to adren- 
alin. ^Moreover, they have demonstrated that this occurs even when adequate 
glycogen is present in the liver. These experiments establish the relation of 
hypophysectomj' to the hj'perglycemic adrenalin response, but the detail of how 
this mechanism operates is undetermined. This is stated clearly in the follow- 
ing quotation. “'Thus, we are forced to conclude that there is definite impair- 
ment in the mobilization of the glycogen in response to infused adrenalin in the 
absence of the hj-poplij'-sis (14).” 
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These experimental findings are in accord with recognized clinical conditions, 
in wiiich the hypergl3^Gemie response to adi-enalin may be eliminated— Cusliing’s 
disease is an example. 

When, these observations are reviewed in the light of the demonstrated rela- 
tion of the carotid sinus and the mechanisms of the vertebral artery to adrenalin 
hyperglycemia, it becomes desirable to bear in mind the intimate relations be- 
tw^een the hypophj'-sis and neural structures (22-24), including those in its stalk 
and fibers from the Vidian ganglion.^ Hypophj'-sectomj^ obidously destro 5 ''s these 
relations (25) as maj’’ also occur when the gland is involved in morbid change. 
This raises doubt -whether the hj’-pophj'sis as such is involved in the lack of the 
h 3 Tierglycemic response to adrenalin. 

The glandular actmty itself as distinct from the neural mechanisms is better 
differentiated for insulin hypersensitmt 3 A Following the demonstration of in- 
creased sensitivity b}’- Houssay in 1925 (26) and its repeated confirmation (20, 
21), it has come to be a test for the completeness of remm^al of the gland. The 
later discovei'y of factors derived from the hypoph 3 'sis governing glyconeogenesis 
including adrenotropic and diabetogenic hoimones, proiided essential knowiedge 
for the understanding of the alteration in carboh 3 ^drate metabolism after hypo- 
physectomy. 

The mild insulin hypersensithit 3 ^ after carotid sinus or vertebral artery liga- 
tion is undoubtedly in part caused by the failure of adrenalin to restore the blood 
sugar level to normal. Insulin hypersensitmty after extirpation of the Vidian 
ganglion as demonstrated by Zacharias (27, 28) w'ell may result from the inter- 
ference with the same mechanism upon which adrenalin is dependent. Zacharias 
ascribed insulin hypersensitmty after Vidian ganglion extirpation to reduction 
of hypophyseal function, an explanation complicated by her observation that 
the gonadotropic function of the hypophysis was increased by the same proce- 
dure. Whether the insulin hypersensitiidty after Vidian ganglion extirpation 
w^as of the order of magnitude observed after h 3 pophysectom 3 >^ or only the 
milder grade resulting after carotid sinus denervation or vertebral artery liga- 
tion cannot be concluded from her publication. 

The greater incidence of insulin commisions found by Zacharias may' have a 
different explanation. Gellhom (29) obseiwed that the intensity' and frequency 
of commisions following injection of metrazol, etc., are increased by the inac- 
tivation of the carotid sinuses. If it is assumed that extirpation of the Vidian 
ganglion intenmpts pathways leading from the carotid sinuses to the central 
nervous system, increase in intensity' or frequency of convulsions would be ex- 
pected. 

The findings reported above in table 4, typical for a group of several animals, 
suggest that cai’otid sinus ligation increases the susceptibility to commisions after 
insulin. 

♦ The small mass of ganglion cells at the origin of the Vidian, nerve, i.e., at the junction 
of the greater superficial petrosal nerve and the great deep petrosal nerve, was indicated 
as the Vidian ganglion by Zacharias ( 28 ). 
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This evidence together with Gellhom’s observations indicates that insulin hy- 
persensitivity after hypophysectomy is dependent both upon removal of the 
hormonal influences of the gland and upon the neural mechanism essential for 
adrenalin actions for the mobilization of sugar and the response of the central 
nervous system to stimuli. 


sxBnrARy 

1. Hj'perglycemia after hemonhage varies in extent vith the rate of blood 
loss. It can be prevented b}' quantitative replacement vith Tyi’ode solution 
immediately after each blood withdrawal. 

2. The anoxia attained is independent of blood loss or of replacement vith 
TjTode solution and cannot be the cause of the elevated blood sugar. 

3. Carotid sinus or vertebral arteiy ligation does not influence hyperglycemia 
after hemorrhage. 

4. Adrenalin hyperglycemia is mild as compared vith that of hemorrhage. 

5. Carotid sinus or vertebral artery ligation abolishes or minimizes the hyper- 
glycemic response to adrenalin even when there is adequate liver glycogen as 
demonstrated by chemical assay or by response to bleeding. 

6. The dependence of adrenalin hyperglycemia upon this neural mechanism 
suggests that the lack of the hyperglycemic response to adrenalin after hypo- 
physectomy may be a result of damage to this pathway rather than to absence 
of the gland. 

7. In.sulin sensitivity also is* increased after carotid sinus or vertebral artei^’- 
ligation, but not to the extent that follows hypophysectomy. It may result 
from interference with adrenalin activity essential both for the restoration of 
blood sugar and for the decrease of the excitability of the central nervous system. 

REFERENCES 

(1) Govieh, W. M. and C. AI. Greek. J. Pharmacol, and Exper. Therap. 72: .317, 1941. 

(2) E.ngel, F. L., M. G. Winton and C. N. H. Long. J: Exper. Med, 77: 397, 1943. 

(Z) Saito, .S., B. K.amei and H. Tache. Tohoku J. Exper. Med. 2: 205, 1928. 

(4) Brooks, C. M. This Journal 114: 30, 1935-36. 

(5) Mykon, E., C. W. Cashsian, Jr. and M, C. Winternitz. This Journal 142: 299, 

1944. 

CG) AIylo.n, E.. M, C. Wi.nternitz and G. J. deSuto-Nagy. This Journal 139: 313, 1943. 

(7) Bernard, C, Lemons sur Ic diabetc. P.aris, p. 210, 1877. 

(8) Robertson, J. D, J. Physiol. 84: 393, 1935. 

(9) GoLrAViTZER-IVlEYER, K, AND H. ScHGDTE. Arch. f. cxpcr. Path, und Pharmakol. 

166: 685, 1932. 

(10) Hev.vann, C., j. J. Bovckaert and P. Regnier-s. Lc sinus carotidien. G, Doin & 
Co., Pari.s, 19.33. 

('ll) Bedford, E. .4, and H. C, Jackson. Proc. Soc. Exper. Biol, and Med. 13: 85, 1916, 
il2) CoRi, C. F., R. E, Fisher .vnd S. T. Cori. This Journal 114: 53, 19,35-36. 

(13) Hni.=woRTH, H, P, AND D, B. McX. Scott. J. Physiol. 93: 159, 19.38. 

(14) DeBodo, R. C., H. I. Brock and 1. 11. Gross. This Journal 137: 124, 1042. 

da) Griffith. F. R., Jr., J. E, Lockwood and F. E. E-very. This Journal 126: 299, 1939. 
(10) C.vNNON, B., X. A. McIver and S. W. Bmss. This Journal 69: 40, 19^. 

('17) 3Iaxwki.I/, L. C, -AND F. Bischoff. This .lournal 112; 172, 1935. 

(15) Lee, and D. Richter. Bioch. J, 34*: 551, 1940. 



ADEENALIK AND CAROTID SINUS IN HYPERGLYCEJillC SHOCK 


647 


(19) Aschner, B. Pfliiger’s Arcli. 196: 1, 1912. 

(20) CoRKiLL, A. B., H. P. marks and "W. E. White. J. Physiol. 80: 193, 1933-34:. 

(21) Cope, O. ^vnu II. P, M.\rks. J. Physiol. 83: 157, 1934. 

(22) The hypothalmus and central levels of autonomic function. Chapters V, VI, VIII, 

XX. Baltimore, The Williams & Wilkins Co. 

(23) Brooks, C. M. This Journal 121: 157, 1938. 

(24) Ingrasi, W. B. .4ND R. H. Barris. This Journal 114: 562, 1935-36. 

(25) Chaikoff, I. L., F. L. Reichert, P. S. Larson and M. E. Mathbs. This Journal 

^ 112: 493, 1935. 

(26) Houssay, B. a. -vnd ]\I. A. Magenta. C. R. Soc. Biol. 92: 822, 1925. 

(27) Zacharias, L. R. Endocrinology 31: 638, 1942. 

(28) Zacharias, L. R. J. Comp. Neurology 74: 421, 1941. 

(29) Gellhorn, E., L. Yesinick, M. Kessler and H. Hailman. This Journal 137: 396, 

1942. 



THE EENAL EEABSOEPTRTE MECHANISM FOE INOEGANIC 
PHOSPHATE IN NOEMAL AND ACIDOTIG DOGS 

EGBERT F. PITTS and ROBERT S. ALEXANDER 

From the Department of Physiology, Cornell University Medical College, New York City 

/ Received for publication August 30, 1944 ’ , 

Phosphate plays a role in a number of body functions: calcium phosphate is a 
prominent constituent of skeletal structures; organic phosphate complexes are 
of importance in energy transformations uithin cells; and, as the chief buffer 
component of the urine, inorganic phosphate aids the body in balancing its acid 
base requirements. Since the urine is the major portal of exit for excess phos- 
phate of dietary origin, the renal mechanisms controlling loss or consenmtion 
of the body’s stores of inorganic phosphate are of prime interest. 

Eecent investigators (2, 7, 12, 19, 22) concede that phosphate is jSltered 
through the glomeruli, a part is reabsorbed bj*- the renal tubules and the excess 
is excreted. Upon the characteristics of the reabsorptive process, which fimda- 
mentally determine the balance between conser\'ation and elimination, there is 
less agreement. Harrison and Harrison (7) claim that the capacity of the renal 
tubules to reabsorb phosphate is limited in the same sense as Shannon and 
Fisher (16) had previously shoAvn glucose reabsorption to be limited. Thus, 
if phosphate is presented to the renal tubules in the glomerular filtrate in amounts 
exceeding their capacity to reabsorb, the excess appears in the urine. The 
limited range of plasma phosphate concentration in their studies, i.e., from 3 
to 10 mgm. of phosphate phosphorus per 100 cc., is insufficient to establish their 
conclusion definitely. 

Smith, Ollayos and Winkler (19) reinvestigated the problem and arrived at 
the opposite conclusion, namely: that the capacity of the tubules to reabsorb 
phosphate increases progressively with increasing plasma concentration over a 
range from 3 to 40 mgm. per 100 cc. Their experiments were complicated by 
rapid falls in plasma concentration and by sharply declining rates of glomeinlar 
filtration. Coupled with their few experiments, these factors render their con- 
clusion uncon\-incing. 

As a preliminary to a study of the renal mechanisms for the regulation of acid 
base balance, we have found it necessaiy to determine the properties of the renal 
tubular reabsorptive mechanism for phosphate. Our results indicate that the 
capacity of the renal tubules to reabsorb inorganic phosphate is limited and that 
the mechanism is relatively stable and unaffected by considerable shifts in electro- 
lyte and acid base balance of the organism. 

^Methods. Our experiments have been carried out on 5 trained female dogs 
loosely restrained on a comfortable animal board. Water, in amounts of 50 cc. 
per kilo, was administered by stomach tube at the start of the experiment t-o 
ensure adequate hydration of the animal. Urines were collected by catheter 
and the bladder washed out nith distilled water at the end of each 10 minute 
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urine collection period. Urine flows were maintained high to avoid dead space 
errom. Bloods were drawn without stasis at the midpoint of each urine collec- 
tion period cither from the jugular vein or from a retention needle in the femoral 
artery. Since no arteriovenous diftercncc for phosphate has been observed at 
any plasma level, arterial and ^•enous bloods have been used interchangeably. 
Continuous intravenous infusions have been administered throughout the ex- 
periraentvS at 5, 7.5 or 10 cc. per minute through the saphenous vein. Creatinine, 
for the measurement of glomenilar filtration rate, has been incorporated in the 
infusions in amounts sufficient to maintain plasma concentrations of approxi- 
match* 40 mgm. per cent. A 0.5 molar solution of di- and monobasic sodium 
phosphate (pH 7.4) was added to the infusions in increasing amounts to attain 
the desired plasma concentrations. Each new infusion was administered for 15 
to 20 minutes before beginning the experimental periods to establish approxi- 
mate equilibrium and to minimize changes in plasma concentration during these 
periods. The infusions containing small amounts of phosphate were brought to 
approximate isotonicity by addition of glucose or sodium chloride. As uill be 
evident later, sodium chloride is to be preferred. 

Colorimetric analyses of creatinine, phosphate and glucose were performed 
with a photoelectric colorimeter using appropriate filters. The Folin and Wu 
method (5) for creatinine was applied to iron filtrates of plasma (20) and to 
diluted urines, with the precaution of making each colorimeter reading exactly 
10 minutes after the addition of alkaline picratc. Pliosphate was determined 
on trichloracetic acid filtrates by a modification (12) of the method of Fiske and 
Subbarow (3). Chloride was dcteimined by the method of Schales and Schales 
(14) as modified by Summerson (21), and glucose by the Folin method (4) as 
modified by Shannon, FarlDcr and Troast (17). 

Results. The deteniiinalion of the maxvmim tubular rcahsoi'ptive eapacity for 
phosphate. ^Yc have quantitated the amount of phosphate reabsorbed by the 
renal tubules in a minute’s time as tlie difference between the quantit 3 ’- filtered 
- through the glomeruli and the quantity excreted in the urine. The quantity 
filtered is the product of the number of cubic centimeters of plasma filtered 
through the glomeruli each minute, as determined l\v the creatinine clearance, 
dnd the quantity of phosphate contamed in each cubic centimeter of this plasma. 
The quantity excreted is the product of the number of cubic centimeters of urine 
formed each minute and the quantity of phosphate contained in each cubic cen- 
timeter of this urine. All phosphate values arc expressed in terms of milligrams 
of pho.sphate phosphorus per 100 cc. or per minute. 

Such an anal 3 >^sis implies that inorganic phosphate is freely filterable from the 
plasma. In the ampliibian kidney this has been shown to be true by Walker and 
Hudson (22) by comparing phosphate concentrations in plasma and in fluid 
drawn from the glomerular capsule. Free filtration from mammalian plasma 
through collodion membranes has been demonstrated by Smith, Ollayos and 
Winkler (19), by Fay, Behrmann and Buck (2) and by unpublished results 
obtained a munber of years ago by the senior author. The finding of Harrison 
and Harrison (7) of appreciable binding remains unexplained. 



650 


ROBERT F, PITTS AKD ROBERT S. ALEXANDER 


The relevant data from one rather extensive experiment on dog 1 are presented 
in table 1. Urine flow was maintained high to avoid dead space errors. Glo- 
merular filtration rate remained quite constant, indicating a satisfactory physio- 
logic state of the animal.^ Plasma phosphate concentration was increased step- 
%vise over a range from 1 to 31 mgm. per cent, yet vithin anj*- group of tliree 
periods the rise was gradual. These points are worthy of emphasis as criteria 
of an adequate expeiiment and they perhaps explain the divergence of our 
results and those of previous investigators. 

TABLE 1 

Experiment on a normal dog which shows the relationship between the quantities of inorganic 
phosphate and chloride filtered through the glomeruli and the quantities reabsorbed by 

the tubules and excreted in the urine 
Dog 1; 18.7 kgm.; S.A. 0.72 sq.m. 


TOTAL 


GLOifER- 


CHLORIDE 



MOSPHATE-P 


phosphate/ 

URINE i 

TJLKV, 









CREATININE 

TliEE 

FLOW 

riLTRA- 



Ex- 

Reab- 

Plasma 

Fil- 

Ex- 

Reab- 

CLEARANCE 



TION RATE 



creted 

sorbed 

Cone. 

tered 

creted 

sorbed 

RATIO 

min. 

ce.fmin. 

cc.ltnin. 


mgm.i 

min. 

mgm./ 

min. 

mgm./ 

min. 

mi’t- % 

mgm./ 

' min. 

mgm./ 

min. 

1 , 
j mgm./ 
min. 


75 

Infuse ; creatinine, 0.83%; glucose, 4.0%; phosphate, 0.0 M.; at 5.0 cc./min. 

90-100 

6.8 

1 85.6 

364 

312 

1.5 

310 

1.25 

1.07 

0.01 

' 1.06 

j 0.004 

100-110 

6.8 

83.3 

366 

305 

1.5 

303 

1.16 

0.97 

0.01 

0.96 

i 0.006 

110-120 

7.0 

i 82,1 

367 

301 

1.7 

299 

1.02 

0.84 

0.01 

1 0.83 

1 0.007 

121 

Infuse: creatinine, 0.83%; glucose 

,2.0%;phospl 

late, 0.05 M. ; at 5.0 cc./min. 

135-145 

9.2 ! 

i 83.4 

371 

309 

1 2.5 

306 

i 2.75 : 

2.29 

1 0.04 1 

! 2.25 

1 0.016 

145-155 

9.7 1 

1 81.8 

373 

305 

i 2.4 

302 

3.70 

3.05 

1 0.29 ; 

2.76 

0.094 

155-165 

S.7! 

83.9 

374 

314 

2.5 

I 311 

4.64 1 

3.89 

0.79 ! 

3.10 

0.204 

166 

Infuse: creatinine, 0.55%; phosphate, 0.08 M.; 

at 7.5 cc./min. I 


180-190 

6.7 

t 82.1 

370 

304 

2.3 

i 301 

9.34 

7.66 

4.62 

3.04 

0.602 

190-200 

7.6 

83.1 

374 

311 

2.4 

302 

11.6 

9.64 

6.35 

3.29 

0.660 

200-210 

8.2 

83.6 

372 

310 

3.1 

i 307 

13.0 

10.9 

7.84 

3.06 

0.722 

211 

Infuse: creatinine, 0.41%; phosphate, 0.125 M. 

; at 10.0 cc./min. 


225-235 

9.2 

i 78.1 

360 

281 

2.1 

279 

23.9 

18.7 

15.7 

3.00 

0.S43 

235-245 

10.0 

i 78,0 

360 

281 

2.6 

278 

27.9 

21.7 

18.4 

3.30 

0.846 

245-255 

10.0 

75.7 

361 

273 

2.2 

271 

31.7 

24.0 

20.8 

3.20 

0.866 


It is e%ddent from the first 3 periods of table 1 that, of the phosphate filtered 
normally, essentially all was reabsorbed, 1 per cent or less appeared in the urine. 
Plasma phosphate was extremely low in the initial periods of tills experiment, 
undoubtedly as a result of the infusion of glucose (9). However, in other 
animals in which plasma phosphate was in a more normal range of 3 to 4 ragra. 

1 The slight drop in glomerular clearance noted in the last 3 periods was accompanied by 
manifestations of severe tetany. Tetany in our animals was treated by the administration 
of calcium gluconate intravenously and subcutaneously at the end of the experiment. As a 
consequence no animals were lost from this cause, although tetany, at times, was extreme. 
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per cent, similarly low excretion rates have been noted. It should be empha- 
sized that these animals had been fasted some 18 hours before experimentation, 
' a factor of importance in determining the low excretion rate. 

As plasma phosphate concentration and hence the amount filtered was in- 
creased, the quantities excreted and reabsorbed increased (second group of 3 
periods). In the last 6 periods a reabsorptive maximum of approximatelj’- 3 
mgm. per minute was attained, the excess being excreted in the urine. 

The significant features of this experiment are more readily comprehended 
by plotting the quantity of phosphate reabsorbed by the tubules and excreted 
in the urine against the quantity filtered through the glomeruli, i.e., the amount 
presented to the tubules. Such a plot, in figure 1, emphasizes the limited reab- 
sorptive capacity of the renal tubules for phosphate and the quantitative delivery 
of the excess into the urine. 



Fig. 1. The renal reabsorption and excretion of inorganic phosphate as a function of the 
quantity filtered. Dog 1. 

A series of similar but shorter experiments, totaling 78 clearance periods, were 
performed on dogs 4 and 5, the results of which are presented in figures 2A and 
B.. In figure 2A the quantity of phosphate reabsorbed per minute is plotted 
ngainst plasma phosphate concentration; the range of plasma concentration ex- 
tending from 2 to 52 mgm. per cent. It is e^ddent that these dogs reabsorbed 
on an average someAA’hat more phosphate than the preceding one, a little over 4 
mgm. per minute. However, a limitation of reabsorptive capacity is equally 
erddent. The scatter of the data is scarcel3>- more than might be expected from 
random experimental error. However, in the periods below about 16 mgm. 
per cent, either glucose or saline were incorporated at random in the infusions to 
render them approximately isotonic. As vdll be evident later, some variability 
may have been introduced by the addition of glucose. 

In figure 2B the ratio of the phosphate to the creatinine clearance is plotted 
against plasma phosphate concentration. The increase in phosphate clearance 
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is evident as one increases phosphate in the plasma; the asymptote which is ap- 
parently approached at infinitely high plasma concentrations is the glomerular 
clearance, as indicated by the dotted line, 

Siability of the 'phosphate reabsorptive mechanism despite alterations of total 
electrolyte pattern. The studies just described have been performed by superim- 
posing an elevated plasma phosphate concentration upon an othenrise normal 



PLASMA PO4 CONCENTRATION (hg.% p) 

Fig. 2. Above: the renal reabaorption of inorganic phosphate as a function of plasma 
concentration; dots, experiments on dog 5; circles, experiments on dog 4. 

Below: the phosphatc/creatinine clearance ratio as a function of plasma concentration. 
The data for the two figures were derived from 78 clearance comparisons on the two dogs. 

electrolyte pattern. It might be presumed that disturbance of this electrolyte 
pattern would alter the reabsoiptivc capacity for phosphate. Chloride, as the 
most abundant anion of plasma, has accordingly been studied during saturation 
of the reabsorptive mechanism for phosphate. 

From table 1 it is apparent that saturation of the phosphate reabsorptive S3^s- 
tem is without effect on reabsorplion or excretion of chloride. The decreased 
chloride reabsorption, noted in the last 3 periods of this c.xperiment. results from 
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a combined fall in both plasma concentration and glomerular filtration rate and 
not from any increased excretion. This experiment has been reversed as indi- 
cated in table 2. The phosphate reabsorptive system has been maintained 
saturated and chloride reabsorption and excretion increased by infusing sodium 
chloride. Considerable increases in chloride excretion and reabsorption are 
without effect on the reabsorptive capacity for phosphate. Similar conclusions 
may be drawm from experiments on bicarbonate (table 4; figs. 3A and B) pre- 
sented belo-vv in another connection. Thus the phosphate reabsorptive mech- 
anism is relatively stable and independent of moderate shifts in general elec- 
troljde pattern. 


TABLE 2 

Ex'periment on a normal dog which illuslraies the independence oj the phosphate and chloride 

reabsorptive mechanis7ns 
Dog 3; 17.5 kgm.; S.A. 0.76 sq.m. 


XOTAI. 
CONCUR- 
RENTTIiTE i 

URINE 

PLOW 

GLOitER- ! 
TJLAR 1 

riLTRATIONi 
RATE 

PHOSPHATE- P 

CHLORIDE 

Plasma 
cone, j 



Reab- 

sorbed 

Plasma 

cone. 



Reab- 

sorbed' 

min. ' 

cc./min. 

cc./min. 

mgm. % 

mgm./ 

min. 

tngnt./ 

min. 

mgm./ 

1 min. 

mgm. % 

mgm./ 

mtn. 

mgm./ 

min. 

mgm./ 

min. 


SO 


I { t I I » I I I 

Infuse: creatinine, 0.55%; phosphate, 0.066 M;NaCl,0.0%; at 7.5 cc./min. 


100-110 

11.1 

81.5 

16.9 

13.7 

10.2 

3.5 

373 

304 

0.4 

304 

110-120 

10.2 

82.5 

17.2 

14.2 

10.7 

3.5 

373 

308 

0.4 

308 

120-130 

7.4 

84.5 

17.2 

14.5 

10.9 

3.6 

372 

313 

0.4 

313 

“ 

1 

1 

1 




3.5 





131 

Infuse 

: creatinine, 0.55% ; phosphate, 0.066 M ; NaCl, 2.5% ; at 7.5 cc./mi 

n. 

150-160 

10.1 

88.2 

17.5 

15.4 

11.7 

1 3.7 

399 

352 

14.6 

337 

160-170 

10.1 

91.1 

17.4 

15.8 

12.1 

j 3.7 

410 

374 

20.2 

354 

170-180 

10.6 

90.8 

17.4 

15.8 

12.3 

3.5 

418 

380 

25.6 

354 

180-190 

11.3 

91.2 

i 17.3 

15.8 

i 12.4 

3.4 

425 

388 

30.5 

357 

190-200 ! 

1 

11.5 

91.7 

s 17.3 

1 

15.9 

! 12.5 

3.4 

431 

395 

31.2 

364 

! 

1 




- 

i 

1 

3.5 






Similarities between the phosphate and glucose reabsorptive mechanisms. Be-- 
cause of the similarity of the phosphate and glucose reabsorptive mechanisms 
and because glucose reabsorption is presumed to be dependent upon a process 
of tubular phosphoiylation (1), we have studied the effects of simultaneous 
saturation of the glucose mechanism upon the tubular transport of phosphate. 
In these experiments, presented in table 3, the plasma phosphate concentration 
has been maintained at a level sufficient to ensure tubular saturation. Glucose 
has then been infused in increasing amounts to saturate its reabsorptive system. 
It is evident from table 3, experiment 1, that as glucose rcabsorption increased 
from 83 to 240 mgm. per minute, phosphate reabsorption diminished from 2.35 
to 1.41 mgm. per minute. Such a result is compatible with the view that the 
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TABLE 3 

Experiments on a normal dog which illvslralcs the depression of phosphate rcabsorption hy 
simultaneous saturation of the glucose rcahsorptive mechanism and the reversal of 

this depression by phlorizin 
- Dog 1; 18.7 kgm.; S.A. 0.72 sq. m. 


ECTEEI- cojjcuI 
ifENT REKT 
KUIIBEE 


PHOSPHATE-P 


CONCUR- URINE ULAR 
RENT PLOW FILTRA- 




Ex- Rcab- Plasma 
creted sorbed cone. 



min. cc.fmin. cc./min. mgm. % „g„,. % 

' 6/0 /o min. mm. 


Infuse: creatinine, 0.8%; phosphate, 0.07 M.; glucose, 0.0%; at 5.0 
cc./min. 


72.8 

73.8 

12.2 

12.8 

8.88 

9.52 

6.66 

7.04 

2.22 

2.48 

115 

115 

83.7 

84.8 

1.0 

1.1 





2.35 





Infuse; creatinine, 0.8%; phosphate, 0.07 M.; glucose, 4.0%; at olO 
cc./min. 

7.7 80.0 13.0 10.4 I 8.23 2.17 162 130 1..3 129 

5.7 80.G 12.8 10.3 8.26 2.04 170 137 1.4 136 


115-125 

7.7 

80.0 

13.0 

10.4 

8.23 

2.17 

162 

130 

125-135 

5.7 

80.6 

12.8 

10.3 

8.26 

2.04 

170 

137 







2.10 




Infuse: creatinine, 0.8%; phosphate, 0.07 M.; glucose, 10.0%; at 5.0 
cc./min. 

6.3 85.8 12.8 11,0 9.13 1.87 247 212 7,5 205 

0.8 84.7 12.5 10.6 9.04 1.56 257 218 11.0 207 


6.3 

85.8 

12.8 

11,0 

9.13 

1.87 

247 

212 

0.8 

84.7 

12.5 

10.6 

9.04 

1.56 

257 

218 






1.72 




Infuse: creatinine, 0.8%; phosphate, 0.07 M.; glucose, 16.0%; at 5.0 
cc./min. 

10.5 82.4 12.3 10.1 8.75 j 1.35 352 290 48.0 242 

.4 80.3 12.3 9.87 8.40 1.47 376 302 63.0 239 




Infuse: creatinine, 0.5%; phosphate, 0.0G8 M.; glucose, 0.0%; at 7.5 


95-100 

8.9 

73.5 

19.3 

14.2 

11.3 

2.90 

115 

85 

1.0 

84.0 

105-115 

7.7 

77.0 

19.2 

14.8 

11.8 

3.00 

119 

92 

2.0 

90.0 







2.95 




87.0 

110 

Infuse: creatinine, 0 

.5%; phosphate, O.OGS M.; glucose, 5.0%; at 7.5 

135-145 

cc./min. 
7.7 1 85.3 

17.8 

15.2 

13.4 

1.80 

225 

192 

4.0 

188 

145-155 

7.3 

8S.1 

17.2 

15.2 

13.4 

1.80 

257 

226 

10.0 

216 







1.80 




202 

150 

Infu.se : creatinine, C 

.5%; phospliate 0.008 M.; glucose, 13.5%; at 7.5 

175-185 

cc./min. 
15.1 ! 83.9 

15.9 

14.1 

12.0 

2.10 

622 

553 

328 

225 

185-195 

13.5 

85.9 

15.8 

13.0 

11.7 

1.90 

601 

519 

300 

213 







2.00 




219 
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TABLE 3— Concluded 


EXPEBI- 
ilENT 1 
XmiBERj 

TOTAL 

CONC0K- 

RENT 

TIME 

URINE ■ 
TtOW 1 

glomer- i 

ULAR ' 
FZLTRA- j 
TICK RATE ' 

PHOSPHATC-P 

» GLUCOSE 

Plasma i 
cone. 

Filtered 1 

Ex- : 
creted 

Reab- 

sorbed 

Plasma 

cone. 



Reab- 

sorbed 

2 

min. 

198 

215-225 

225-235 

1 

cc./min. 1 

[ram phl( 
1 67.6 
65.6 

rngm. %\ 

jrizin i 
! 18.0 
18.4 

mgm./ 

min. 

ntraven 
1 12.2 
12.1 

mgm./ 

min. 

ously 

8.6 

8.8 


mgm. % 

549 

540 

mgm./ 
min . 

371 

354 

j 

mgm./ 

min. 

370 

346 

mgm./ 

min. 

1 

8 

5 

3 

93 

1 1 

Inful 

se; Croat: 

1 

inine, ( 

9.42% p 

ihosphs 

i 1 

itc, 0.05 

' M.; g 

llucosc, 

10.0%; 

at 



10.0 cc./min. 









115-125 

18.2 1 

82.3 j 

14.6 1 

12.0 1 

9.85 j 

2.15 

531 1 

437 

218 

219 


125-135 

16.7 ' 

78.5 ' 

14.5 ' 

11.4 ' 

9.30 

2.10 ' 

496 ' 

389 

1 174 

i 215 


135-145 

14.0 

78.3 

14.3 

11.2 

9.17 

2.03 

472 

370 

1 147 

1 

'223 

1 






t ■ 


2.09 



1 

1 

219 

! 

148 

1.0 gram phloririn intravenously 



1 




1G5-175 

10.0 

51.5 

16.9 

8.71 ! 

5.63 

3.08 

425 

1 219 

218 

1 


175-185 

10.9 

50.6 

17.7 

8.96 

6.05 ' 

2.91 

425 

215 

208 

7 



10.0 

47.4 

19.1 

9.05 

6.18 

2.87 

451 

214 

208 

6 






1 


2.95 

1 

1 


5 


tivo realisorptive mechanisms interact as a result of some competition for an 
element common to the two mechanisms. 

Phlorizin is known to block the reabsorption of glucose without seriously affect- 
ing the reabsorption of phosphate. The results obtained on repeating tliis ex- 
periment as before, but terminating it by administering phlorizin, are given in 
experiment 2. Note that as glucose reabsorption increased from 87 to 219 mgm. 
per minute, phosphate reabsorption diminished from 2.95 to 2.0 mgm. per min- 
ute. As shonm by the last two periods essentially complete blocking of glucose 
reabsorption by phlorizin was attended by increased phosphate reabsorption, 
an increase, as a matter of fact, to a value higher than the initial control. This 
suggests that the nonnal reabsorption of even 87 mgm. of glucose per minute 
diminished the capacity of the tubules to reabsorb phosphate. This effect of 
phlorizin, in restoring the reabsorption of phosphate depressed by glucose, is 
further illustrated by experiment 3. These results indicate that, while there are 
some factors common to the reabsorptive mechanisms for glucose and phosphate, 
these two mechanisms cannot be identical throughout, for the former is phlorizin 
sensitive while the latter is not. 

As was mentioned earlier, it is possible that the glucose depression of phosphate 
reabsorption may have introduced some variability into the experiments plotted 
in figure 2, for approximately half the points below 16 mgm. per cent plasma 
phosphorus rvere obtained in experiments in which glucose had been incor- 
porated in the infusions to render them isotonic. The amount of this added 
glucose was small, however, and comparison of the data from experiments with 
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glucose and %vith chloride indicated that any tendency for the glucose to 
lower the values for reabsorption in these early experiments was too small to 
be distinguished from the random experimental error. 

Independence oj the tubular reahsorptive mechanism for phosphate and the 
mechanism for acidifying the urine. It is generally recognized that phosphate is 
the chief buffer present in normal urine and that the elimination of strong min- 
eral acids from the body depends in part on the ability of the kidney to excrete 
urine containing phosphate in the form of an acid salt (11), Harrison and Har- 
rison (8) maintain that the reahsorptive capacity of the renal tubules for phos- 
phate is dumnished in conditions of acidosis and account for the known increased 

TABLE 4 


Experiment which illustrates the failure of a rapid shift from acidosis to alkalosis to affect the 
renal reahsorptive capacity for inorganic phosphate 
Dog 1; 18.7 kgm. S.A. 0.72 sq. m. 


TOTAI* 

COKCURRENT 

TIME 

URINE 

now 

GtOltER- 

tlEAR 

ntTRATION 

RATE 

rrHi.vE pH 

PEASllA-CO- 

COSfBINlNG 

TOWER 

PHOSPHATE-P 

Plasma 

cone. 

Filtered 

Excreted 

Reab- 

sorbed 

wi*n. 

cc.lrtin. 

cc.fmin. 


roZ. % 

mm. % 

tngm./min. 

mgm.fmin. 


80 

Infuse : 

creatinine, 0.55%; phosphate. 

0.066 M.; 

at 7.5 cc./min. 


100-110 

12.3 

96.7 

5.61 

45.7 

14.6 

14.1 

10.9 

3.2 

110-120 

13.7 

90.0 

5.55 

45.7 

14.2 

12.8 

9.8 

3.0 

120-130 

13.8 

89.5 

5.50 

45.8 

14.2 

12.7 

9.3 

3.4 









3.2 

131 

Infuse : 


bicarbonate, 4.0%; 

at 7.5 


cc./min. 







150-1G0 



7.23 

68.3 

15.1 

12.9 

9.5 

3.4 

160-170 

12.8 


7.53 

77.7 

15.3 

13.0 

9.5 

3.5 

170-180 

14.1 


7.63 

84.5 

15.8 

12.7 

9.6 

3.1 

180-190 

12.8 

79.7 

7.73 

89.5 

15.8 

12.6 

9.4 

3.2 

190-200 

12.8 

74.6 

7.78 


15.8 

11.8 

S.S 

3.0 









,3.2 


phosphate elimination early in acidosis on this basis. Since the point is funda- 
mental to an understanding of the renal contribution to acid-base balance, we 
have compared the phosphate reabsorptix^e mechanism under conditions of 
acidosis and alkalo.sis. Our experiments on acidosis have been performed on 
animals to xvhich 500 ce. of 1 per cent hydrochloric acid had been administered 
by stomach tube each day for 4 or 5 days, including the day of the experiment. 
For the experiments on alkalosis, similar amounts of 1 per cent sodium bicar- 
bonate xvere administered. 

A preliminary experiment which indicates that the maximal reabsorptix'^c 
capacity for phosphate is unchanged by an acute shift from acidosis to alkalosis 

gix'cn in table 4. Phosphate xx-as infused throughout the experiment at such 
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a rate as to maintain plasma concentrations relatively constant between 14 and 
16 mgm. per cent. After three control periods of moderate acidosis, indicated 
by a CO 2 combining power of 45 yol. per cent, sodium bicarbonate was added 
to the infusion to produce a progrcssivelj'- rising alkali rcsoiwc, j-caching a final 
•\’alue of 93 vol. per cent. In the control periods the urines were quite acid, in 
the later periods they were alkaline. The significant feature is that the quan- 
tity of phosphate reabsorbed was the same during the initial periods of acidosis 
and the final ones of alkalosis, averaging 3.2 mgm. of phosphate phosphorus 
per minute in each instance. 

^^^lile the maximal reabsorptive capacity for phosphorus is evidently the same 
for conditions of acidosis and acutely produced alkalosis, it was felt that some 
difference in the kinetics of the mechanism might lead to a more gradual satura- 



PO4 FILTERED (MG. R/MiN.) 

Fig. 3. Comparisons of the renal reabsorption and excretion of inorganic phosphate 
under conditions of acidosis, circles, and alkalosis, solid dots. F, quantity filtered;. F, 
quantity excreted; R, quantity reabsorbed. Fig. 3A, dog 2; solid dots, plasma CO 2 com- 
bining power 61 vol. per cent and urine pll above 7.4; circles, plasma CO 2 combining power 
32 vol. per cent and urine pH below 6.3. Fig. 3B, dog 1; solid dots, plasma CO 2 combining 
power 63 vol. per cent and urine pH above 7.6; circles, plasma CO 2 combining power 27 vol. 
per cent and urine pH below 5.9. 

tion of the system, and hence to a more pronounced rounding of the reabsorptive 
curve Avithin the physiological range of plasma phosphate concentration. Ac- 
cordingly, compai-isons of the significant part of the reabsorptive curve above 
and below saturation levels were made in dogs 1 and 2 under conditions of acido- 
sis and alkalosis. These experiments are summarized in grapliic form in figures" 
3A and B. 

The two experiments on each of the dogs are distinguished Iry the solid and 
open symbols. In figure 3A, the solid dots represent one experiment on dog 2 
in which plasma CO 2 combining power was 61 vol. per cent and urine pH varied 
from 7.4 to 7.9. ^ The hollow dots represent.a repetition of this experiment under 
conditions of acidosis, in v Inch the CO 2 combining power was 32 volumes per 
cent and urine pH varied from 5.1 to 6.3. In figure 3B is presented a similar 
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pair of experiments on dog 1 in equivalent states of alkalosis and acidosis." 
The identity of the characteristics of the xeabsorptive processes in acidosis and 
alkalosis is sufficiently evident to require no further comment. 

These experiments indicate that the increased excretion of phosphate in acido- 
sis results from extra-renal factors. This view is emphasized bj’- the experiment 
summarized in table 5. In this expeilment the inulin clearance was used as a 
measure of glomerular filtration rate because of the appreciable buffering capac- 
ity of creatinine in highly acid urines. The severity of the acidosis is indicated 
by the arterial pH of 7.30 and a CO 2 combining power of 29 vol. per cent. Tlie 
titratable acidity was determined by titrating the urines to the pH of the plasma 
electrometrically; and, expi'es.sed in millimols per minute, is a measure of the 
activity of those renal base conseiwing mechanisms dependent on urinary buffers. 

TABLE 5 

Exfcrimcnt on an acidolic dog which cvahialcs Ihe r6Ie of hvffcr salt and ammonia excretion in 
Ihc renal consenaHon of base under conditions of normal and elevated 

plasma phosphate 

Dog 2; 18.7 kgm.; S.A. 0.71 sq. m. 
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140-155 

4.20 

06.4 

5.27 

j 7.30 

1 29.0 

3.42 

2.27 

1 0.01 

2.26 

10.005 

0.053 

155-170 

2.86 

! 65.5 ! 

1 5.40 



3.25 

' 2.13 

0.01 

1 2.12 

0.002 

0.041 

171 

lnfu.se: inulin, 0.24%; pho.sphate 0.10 M.; at 7.5 cc./min. 
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4.87 j 
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1 

! 24.1 

1 15.3 

1 11.1 

4.20 

0.176 
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i 25.1 

16.5 

12.4 

4.10 
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0.033 

225-240 
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G4.5 

G.34 



1 26.2 

16.9 

12.9 

4.00 

0.198 

0.031 

240-255 

6.4G 

G1.5 

6.33 



1 27.9 

1 

17.2 

13.6 

3.60 

1 

0.20s 

0.02s 


In the two control periods of talrle 5, de.spito the severity of the acidosis and 
tire noiTnal plasma phosphate concentration, essentially all the filtered phosphate 
wa.s reabsorbed, lcs.s than 0.5 per cent appearing in the urine. As a consequence 
of the absence of buffering substance in the urines, altlrough the pH was low 
(5.27 to 5.40), the titratable acidity was negligible. It .should be emphasized 
that those animals were fasted 18 liouns prior to experimentation. In an absorp- 
tive state .^ome phosphate would obviously have been available for excretion in 
the initial two period.s. In the la.st four periods, in which plasma phosphate 
was elevated to very high levels \rith the consequent excretion of largo amounts 
of phosphate, the titratable acidities rose to high levels: in the last period, 
amounting to 0.208 millimol per minute. This amounts to the excretion of 
300 cc. of 1.0 normal acid per day. It is evident, that the availability of phos- 

- Glomerular filtralion rates were ne.<irly the same in each of the two .scric.s of experiments. 
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phate and not the severity of the acidosis, is the factor whicli determines 
the extent to which this buffer is excreted in correcting an acidosis produced by 
mineral acid. 

'Table 5 likewise shows the activity of the renal ammonia mechanism in cor- 
recting the acidosis. In the initial periods, ammonia excretion accounts for some 
10 times the saving of base effected by buffer excretion. In the succeeding 
periods, however, both the relative and absolute contributions of the ammonia 
mechanism are subordinated to the buffer mechanism when phosphate is avail- 
able in excess. 

Discussion. The experiments presented indicate that the renal reabsorptive 
mechanism for phosphate, like that for glucose (16) , is relatively stalble and limited 
in its transport capacity. Similarities between the two systems extend some- 
what further than this, for the two substances compete in reabsorption. The 
explanation of Shannon and Fisher (16) for both limited reabsorptive capacity 
and competition between reabsorbed materials is based upon an assumed intra- 
cellular component present in limited and fixed amount with wliich these sub- 
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Fig. 4. Possible explanations for competition between phosphate and glucose in renal 
reabsorption. 
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stances combine in the process of reabsorption. The rate of reabsorption, 
Avhen the mechanism is saturated, is presumed to be set by the rate of decom- 
position of the complex formed Avith this intracellular component. Competition 
between glucose and phosphate in renal reabsoiption might therefore be due to 
some link in the reabsorptive processes common to the two substances. If such 
is true, there must be an initial step in the reabsorptive process different for glu- 
cose and phosphate, for reabsorption of the former is blocked by phlorizin, while 
that of the latter is not. 

Accordingly one might postulate some variation of the scheme shown in the 
upper part of figure 4. The blocking of glucose reabsorption by phlorizin would 
tend to free this common component x for the sole transport of phosphate, ex- 
plaining the observed restoration of phosphate reabsorption initially depressed 
by glucose (table 3). Another explanation, suggested by the work of Selkurt 
(15), indicates that there may be competition on the-basis of available energy, 
as indicated in the lower part of figure 4. If the glucose reabsorptive mechanism 
is blocked by phlorizin, the energy originally diverted into these channels be- 
comes available for the phosphate system, Glycin and phosphate do not com- 
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pete in reabsorption, and, wliile tliis might be used as an argument against com- 
petition on an available cellular energj'^ level,- it might only be an indication that 
these two substances are reabsorbed by different renal cells. Selection between 
' these and other explanations does not seem possible at present. 

The slight rounding of the reabsorptive curve as the maximmn is approached 
(see fig. 1) is quite similar to that observed for glucose in man by Smith (18) and 
perhaps has a similar explanation. Smith maintains that it is due to a disparity 
between the filtering capacity of individual glomeruli and the reabsorptive capac- 
it}'- of their attached tubules. Thus the reabsorptive capacity of certain neph- 
rons may bo exceeded at low plasma concentrations, while that of others re- 
quires higher concentrations for saturation. Accordingly, there is a splay in 
the tubular titration curve. Tliis rounding of the curve is le.ss evident in a mass 
plot, such as that in figure 2, though eiddent in the majority of the indiiddual 
experiments making up that plot. It is quite apparent in figures 3A and B. 
Whatever may be the cause of the splay in the reabsorptive curve it obviously is 
the basis of the indefinite excretoiy threshold. The splay in the curve also em- 
phasizes the necessity for loads safely in excess of reabsorptive capacity, in meas- 
uring tubular maximum reabsorptive capacity for phosphate. 

The relative stability of the reabsorptive mechanism for phosphate and its 
independence of the general electrolyte pattern and acid liase relations of the 
plasma have interesting implications. It indicates that phosphate, which nor- 
mally makes up considerably less than one per cent of the plasma electrolyte, 
is handled by the kidney in a specific fashion and not merely as an indifferent 
' plasma electrolyte. This is not surprising in the light of the important functions 
which phosphate subser\'es within liody cells. The conservation of a certain 
basic store of circulating inorganic pho.sphate, with provision for the excretion 
of any excess that may be taken into the body, seems admirably seived. Phos- 
phate is no less valuable to the body in conditions of acidosis than alkalosis and 
its conservation no less important. Its function as a significant urinary buffer, 
permitting the excretion of acid and the conseivation of base, is peculiar to 
phosphate by virtue of the fact that it is the buffer which normally is present in 
the body in cxce.ss. 

Our finding of identical characteristics of the reabsorptive process in acidosis 
and alkalosis is most reasonable when one considers the work on the amphibian 
kidnej" from the Richards school. Thus Walker and Hudson (22) showed in 
nectui-us that phosphate is reabsorbed in the proximal tulmle, while^Montgomery 
and Pierce (10) .showed that acidification of the urine takes place in a very loca- 
lized segment of the distal tubule. Thus the reabsorption of phosphate and the 
acidification of the urine are not only phj'siologically distinct processes, as in- 
dicated by our results, but are localized in morphologically separate portions of 
the renal tubule, as indicated by the work on the amphibian kidney. 

It is generally conceded that acido.ris increases the excretion of phosphate. 
However, that increase, is limited to the first few days of acidosis, phosphate ex- 
cretion diminishing thereafter accompanied by a rise in ammonia excretion (11). 
In the absence of a change in the renal reabsorptive process this can mean onl}" 1, 
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an increase in the urine/fecal excretion ratio and/or 2, the mobiUzation and loss 
of a limited store of labile body phosphate. 

Harrison and Harrison (7, 8) lay great emphasis on the renal threshold as the 
prime determinant of plasma phosphate concentration. '\^Tiile in a sense this 
- is tme, plasma phosphate is equally determined by the rate of absorption from 
the gut and the equilibrium between circulating phosphate.and intracellular or 
skeletal phosphate. Thus a change in plasma phosphate concentration is no 
indication per se of a parallel change in renal threshold.' For example, the in- 
fusion of glucose lowers plasma phosphate and as a consequence diminishes phos- 
phate excretion (9). Similar effects are produced by hjqDerventilation (6), 
while breathing CO 2 raises plasma phosphate and increases excretion (6) . These 
changes are indications of altered equilibria between phosphate stores and cir- 
culating phosphate, rather than alterations in the renal mechanism governing 
jgihosphate excretion. Presumabl}^ the major effect of acidosis on phosphate ex- 
cretion is of this character. 

Any critical anatysis of the contrarj’- results of the Harrisons (8) of the effects 
of acidosis on tubular reabsorption of phosphate is impossible because of their 
limited presentation of data. Their figures of the quantities of phosphate reab- 
sorbed per unit time imder varjdng conditions are without significance, unless 
it is known that the load presented to the tubules exceeds the reabsorptive 
capacity by a safe margin. These facts cannot be derived from their published 
data. 

SinVIJLA.RY 

1. The renal tubular reabsorption of inorganic phosphate has been assessed 
at plasma levels from 1 to 52 mgm. of phosphate phosphorus per 100 cc. 

2. Phosphate is reabsorlied by an active mechanism which exhibits a hmita- 
tion of transfer capacity, lllien the tubular load exceeds the reabsorptive capac- 
itj’-, the excess is excreted quantitatively. The maximal rate of reabsorption 
is attained at somewhat higher loads than are necessary to initiate excretion. 
As a consequence no sharp renal threshold exists. 

3. Phosphate and glucose compete in renal reabsorption. Yet phlorizin, 
which blocks the reabsorption of glucose, is wdthout effect or maj'' increase slightly 
the reabsorption of phosphate. This indicates that whatever may be the basis 
of the competition, the renal mechanisms carmot be identical in their entirety. 

4. Considerable change in the electroljrie and acid base pattern of the plasma 
are without effect' on the kinetics of the reabsorption of phosphate. 
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Basic to theories postulating a relation between diet and muscular activity 
is the belief that the composition of the diet makes an important difference. Ap- 
plication of such theories maj’- be offset by the efficient homeostasis of the ani- 
mal body. 

Carbohydi’ate metabolism normally dominates in hard work; fats ihay play an 
important role and gluconeo genesis from protein can occur. The materials 
metabolized probably depend largety upon their relative availability at the time. 

Pettenkofer and Voit (1), 1866, proved that protein Is not the preferred source 
of energy. A need for extra protein in hard work is not evident. 

Fats have been held in low esteem as fuel for muscular work because ketosis 
may be induced. However, ketosis in itself is not proven to be deleterious and 
Markees (2) seems to have shoivn that diets high in unsaturated fats, such as 
olive oil or in fats such as butter, do not evoke ketosis in the healthy body. 

The literature concerning high fat diet and muscular efficiency is extensive 
but inconclusive. Keyes (3) after a survej’’ of pertinent reports states, 'Tn the 
absence of better information it is unwise to allow the percentage of calories 
derived from fat to rise much above 50 per cent.” ' 

Fats resist freezing and are of high caloric value; this would enhance their 
value in uinter and in arctic dietaries if muscular efficiency is as high when they 
provide the calories. 

The best criteria for the effects of diet on work are those of actual performance 
under controlled conditions; these are not easily achieved when using human 
subjects. 

The albino rat is our most standard laboratory animal. The life span of the 
rat is about 3 years, and that of man about 60 years; hence 1 jmar of life in the 
rat is about 20 years in terms of the human life span, and 3 months is about Syears. 

The investigation herein reported concerns the spontaneous activity in 3 
groups of 18 rats each over 3 month periods, 2 groups being fed diets high in fat 
and one Irigh in protein, compared with their litter mates fed a well-balanced 
ration. , The basal rations wnre so constituted as to allow^ maximum growdh and 
reproduction throughout the life span of the rat. For exact composition of the 
diets see figures 1, 2 and 3. 

The cages used are as described by Durrant (4). Each consists of a revolving 
drum one jaid in diameter equipped with a rotaiy ratchet counter, retiring com- 
partment, food container and clean water. Dunant has shown that the oro- 

1 Now at State College, Pa. 
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portion of energ}’’ expended in running the cage is so large a proportion of the 
total that it may sen-e as a reliable criterion of the latter. 

All cages sat on the same table in a basement laboratoiy throughout the ex- 
periments. The results are presented gi-aphicall 3 >- in figures 1, 2 and 3. 

For experiment 1 (Oct. 14-Mar. 5) 18 Wistar strain male albino rats ranging 
in weight from 50 to 70 grams were placed in the cages for a 14-da3’- trial period, 
all receiving basal ration. This was for the piu’pose of typing the animals as to 
spontaneous acti^dt 3 ^ The 9 most active were thereafter fed basal ration made 



Fig. 1. Composite activity curves. 

Solid line — 9 animals fed basal ration. Ground yello^\' corn 63.75; soj' bean oil meal 
10.00; linseed oil meal 8.00; wheat middlings 10.00; alfalfa meal 2.00; dried skim milk 5.00; 
XaCl 0.50; CaCoa (fine limestone) 0.50; cod liver oil cone. 0.25; fat content about 4 per cent; 
fat cal. about 8 per cent; non-fat cal. about 91 per cent. 

Interrupted line — 9 animals fed basal ration SO per cent. Lard 20 per cent; fat calories 
about 41 per cent; non-fat calories about 59 per cent. 

Fig. 2. Composite activity curves. 

Solid line — 9 animals fed basal ration. 

Interrupted line — 9 animals fed basal ration 665 per cent; lard 33 J per cent or about 56 
per cent fat calories for first 50 days; and 50 per cent lard or about 72 per cent fat calories 
for remaining 60 days. 

Fig. 3. Composite activity cur\'es. / 

Solid line — 6 animals fed basal ration. 

Interrupted line— 6 animals fed basal ration to which enough beef muscle was added to 
make the nutritive ratio : 50 per cent protein calorics, 50 per cent non-protein calories. 

20 per cent lard ly weight, -4.11 18 animals maintained excellent health and 
vigor throughout the next, succeeding lOG days, the lard fed not decreasing in 
activity to the level of the slower control group (fig. 1). 

The body weights in the two groups varied only slightly. At autopsy analy.«is 
of scnim and liver for fat revealed concentration.'; about 40 per cent higher in 
the lard-fed group. There was no difference in the average hemoglobin le\'els 
between the 2 groups. Oxalated plasma separated from the blood of lard-fed 
animals was .slighth' tinged with red but showed no measurable hemohdic action 
on red corpuscles of normal rats. 
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For experiment 2 (Mar. 14-July 10) 18 male albino rats weighing 102 to 150 
grams each were placed in the cages for a 10-day activity period on basaU'ation. 
The animals were then paired in two gToups of 9 each, the pairs having almost 
identical activity records. One of each pair was changed to basal ration made 
33| per cent lard bj’’ weight. 

The activity in the two groups ran exactly parallel for the next 50 days after 
which the lard was increased to 50 per cent. A small reduction in spontaneous 
activity occurred during the succeeding 60 days (fig. 2). Good health and vigor 
were maintained by the entire group throughout the 120 days. The weight 
curves of the two groups varied Httle. No difference in Hb values was found. 

For experiment 3 (Oct. 14-Jan. 30) 18 female rats 150 daj'-s of age and 140 to 
200 grams in weight were placed in the cages and activity records kept for 20 
days after which paired groups of 9 each with nearly equal records were arranged 
as in experiment 2. Beef muscle to the extent of 50 per cent of the calorific value 
of the food was added to the diet of one of each pair and the other 9 maintained 
on control ration. 

The rats on high protein showed a decided and persistent decrease in spon- 
taneous activity (fig. 3) from the time the3^ began diet. 

All factors other than diet were nearly identical throughout the periods of ob- 
servation, hence differences in activity probably are due to dietarj’- differences. 

SUMMARY 

Activity records for 54 rats during about iV of their life span indicate: 1, that 
as much as 56 per cent of the calorific value of the food may come from fat and 
spontaneous activity be maintained at a normal level; 2, that 72 per cent of fat 
calories depresses activity a httle; and 3, that 50 per cent animal protein induces 
a marked decrease in activity. 
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Most of the recent studies on experimental hjTpertension have utihzed the dog 
and rat as objects of study. The rabbit has certain advantages over these two 
species. The nature of its reproductive cycle makes it particularly suitable for 
the study of the effect of pregnancy on hypertension. The histological changes 
originally reported by Goormaghtigh and Crimson (4) to occur in hypertension 
are particularly striking in this species (3) and worthy of further study. In 
many laboratories, the rabbit is more readily available than the larger dog. 
Moreover, the blood pressure may be determined accurately on the rabbit 
by the use of a blood pressure cuff and stethoscope available to all workers 
and it is unnecessary to use the more complicated apparatus or arterial punctures 
used in the rat and dog, respectively. In addition to these advantages, a study 
of hypertension in different species should throw further light on the general 
problem of the mechanism of tliis disorder. In the present paper are described 
the effects of various manipulations on the kidney on the blood pressure. The 
implication of the obser\^ed results on the general theory of the pathogenesis 
of hypertension are discussed in the light of these findings. 

Methods. The blood pressure in the adult imanesthetized rabbit may be 
conveniently and easily determined by the ausculatoiy method, as described in 
detail and tested thoroughly by McGregor (9). A \vide blood-pressure cuff is 
applied to the abdomen and the Korotkow sounds as heard through an ordinary- 
stethoscope are used as indicators of the systolic and diastolic pressures. There 
is no difficulty in obtaining an accurate systolic pressure by this procedure since 
the first sounds are easily discernible. The determination of the diastolic 
pressure requires a little more practice. It should be taken at the point where 
there is a distinct muffling of the sounds. Under these conditions, the values 
obtained, as shown by hlcGregor (9), compare well vith those obser\’-ed directly 
by cannulation of the carotid or femoral arteries. The values for the systolic 
pressure are about 20 mm. higher than those reported from observations on the 
smaller vessels of the ear (11) as is to be expected. After a short period of train- 
ing, the procedure can be carried out without causing struggling or excitement 
and daily variations are minimal. Determinations on the same animal from 
day to day agree usually within 5 to 10 mm. Hg. 

Hypertension was induced in full-grown rabbits by compression of the renal 
parenchyma, as described elsewhere (6), by nephrectomy, or by a combination 
of these procedures. After exposure of the kidney through a dorso-lumbar 

1 iVided by grants from the John and Mary Markle Foundation, The National Life & 
Accident Insurance Company and Mr. Alfred Starr. 
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incision, umlDilical tape was applied over the poles of the kidney, avoiding the 
stinictures at the hilus. Several weeks later, the second kidney was removed 
or compressed. Hypertension will develop in a large proportion of the animals 
so treated after an inten'^al of several months. 

Results. In table 1 are given the results of obseiwations following various 
operative procedures designed to throw light on the fundamental nature of 
chronic renal hypertension in the rabbit. 

As noted in the first two experiments, compression or removal of a single 
kidney both result in elevation of the blood pressure. The extent of this eleva- 
tion varies in different animals. In some, no demonstrable pennanent rise 
results. In others, moderately severe hypertension ensues. It requires about 
10 weeks for the pennanent and constant elevation in blood pressure to mani- 

TABLE 1 

The effect of various experimental procedures on the systolic and diastolic pressures of adult 

rabbits 


All the results are expressed in terms of millimeters of mercury. The post-operative 
values are averages obtained between the tenth and fourteenth weeks after the experimental 
manipulation recorded in the second column. 


NtJilBER 

OF 

ANIMALS 


AVERAGE BLOOD PRESSURE 

OPERATIVE PROCEDURE 

Before 
operation 
indicated 
in 2nd column 

After operation 



mtn.llg ■ 


12 

Constriction of right kidney 

115/88 

157/119 

12 

Right nephrectomy 

108/82 

150/116 

6 

Left nephrectomy of animal in which right kidney had 
been constricted previously ' 

144/114 

174/137 

6 

Constriction of left Iddney of animal in which right 
kidney had been removed predously 

140/110 

168/130 

5 

Removal of a previously constricted right kidney; left 
kidney intact 

151/120 

147/118 


fest itself and for this reason the values shown in the teble 'represent averages 
of at least 6 readings taken during the tenth to fourteenth weeks following the 
operation. It will be noted that nephrectomy results in a rise in blood pressure 
comparable to that observed foUoving compression of the Iddney. This result 
speaks against the theoiy that renal hypertension in the rabbit is a result of the 
hberation of a pressor substance by the ischemic or injured kidney. 

The third and fourth series of experiments cited in table 1 show the increase 
in blood pressm’e which follows removal or compression of the remaining kidney 
after having perfoimed one of these operations on the other kidne 3 ^ It should 
be noted that the ultimate effect is the same whether the fii’st operation consists 
of compression or nephrectomy. The results speak against the currentlj’" held 
view that injury of one kidney results in changes in the other which in turn is 
responsible for the ultimate development of hjqjertension. 
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The final series, of experiments cited in table 1 show that the removal of a 
compressed kidney does not abolish the hypertension induced by this proce- 
dure. This experiment demonstrates that compression and nephrectomy are 
equally effective in raising the blood pressure and that the foimation of a pressor 
substance cannot be responsible in the rabbit for the obsein^ed chronic hyperten- 
sion since removal of the injured kidney which is the assumed source of the 
hypothetical pressor substance fails to abolish the hypertension. 

It should be noted that the compression of the kidney perfoimed in the above 
experiments was relatively severe. It was of sufiicient intensity to deform the 
normal elhpsoidal shape of the organ. Under these conditions only is the renal 
dysfunction induced by this procedure comparable to that which follows ne- 
phrectomy. If the compression is only moderate, no or only slight elevations in 
blood pressure will be induced. 

Effect of bilateral nefflirectoiny . To further estabhsh the fact that h 3 q)ertension 
is not the result of a circulating pressor substance hberated by the injured kid- 
ney or of the failure of the Iddnej’" to destroy some chculating pressor substance, 
the blood pressure in the bilaterally nephi'ectomized rabbit was determined. 
The remaining compressed Iddnej’" was removed from animals pre\dously ne- 
phrectomized unilaterally. In many animals the pressure begins to drop within a 
few hours and continues to do so until death. However, if traumatic shock be 
reduced to a minimum this is not always the case as is shown in the following 
t3T5ical experiment which has been obsen^ed in about one-third of all the ex- 
periments : 

A male adult rabbit had a preoperative blood pressure of 120/100. Six 
months folloving a right nephrectomy, its blood pressure established itself at 
a constant level of 145/110 to 150/120. Its left kidney was then compressed. 
Three months later the blood pressure was 170/140 and it varied from 165/130 
to 180/150 during the following month. The remaining compressed kidney was 
removed on April 5, 1944, at 2 p.m. The subsequent blood pressure readings 
were as follows; 


April 6 10 a.m. 200/170 

April 6 5 p.m. 180/150 

April 7 9 a.m. 150/120 

April 7 5 a.m. 130/100 

April S 9 a.m. 100/70 


Death occurred several hours after the last recorded reading. This e.xperi- 
ment shows that the blood pressure for at least 27 hours can remain at its pre- 
operative hjTDertensive level in the absence of all renal tissue. 

Results similar to the protocol just quoted were obtained in 5 animals out of 
a total of 18 similarh" treated. In 10 of the remaining animals adhesions of 
the kidnej* rendered its ablation difficult and the inevitable trauma and hemor- 
rhage resulted in a sur\dval of the animal for only 12 to 24 hours vdth a gradual 
decline in blood pressure, which began immediatelj’- after the operation. In the 
remaining 3 animals, the h 5 T)ertensive blood level existing pre-operatively was 
maintained for onh' a few hours post-operatively after which it gradually de- 
clined until the death of the animal 24 to 48 hours later. 
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Discussion. The results of the present studj’" confimi for the rabbit the re- 
sults reported previously and the conclusions dravm from a study on the rat (7). 
They are interpreted to mean that in the rabbit, as in the rat, chronic hj’^per- 
tension is a result of a deficiency of renal tissue rather than of the production bj^ 
injured or ischemic renal tissue of a pressor substance. This does not pre- 
clude the formation in the acute experiment of pressor substances of the nature 
of renin, hypertension or angiotonin. The presence of these substances in the 
blood of the renal vein ivould account for the elevation m the lilood pressure 
seen in acute experiments. However, the data of the present paper are in- 
compatible with the view that the circulation of such pressor substances is 
responsible for the chronic eleimtion of the blood pressure in the experimental 
animal which, after all, is the analogy of the condition seen in human disease. 

We have previously suggested (5, 8) that chronic expeiimental hjnpertension 
could best be explained on the assumption that there is a deficiency of some 
product noimaUj’’ produced by the kidnejA Tliis simple view is compatible 
with all om’ available experhnental data and is further substantiated by the 
results of the present study. This view has been criticized recently bj’’ Braun- 
Menendez, Fasciolo, Leloir, hlunoz and Taquini (1). These authors point out 
that unilateral nephrectomj’' is less effective in raising the blood pressure than a 
unilateral lesion of the kidney. However, as shonm above, these procedures 
are equally effective in the rabbit. The average effect of unilateral nephrec- 
tomy on the blood pressure equalled both in degree and duration that which 
followed a unilaterally inflicted lesion. The above-mentioned authors also 
suggest that the maintenance of an elevated blood pressure in the absence of 
both kidneys may be due to the interference of the normal destruction of a 
pressor substance by the coexisting uremia and that the obseiwed elevation in 
blood pressure may be a reflex phenomenon. Their most effective argument is 
the reported reactions in the dog. However, the published experiments car- 
ried out on this species are of relatively short duration and merit further investi- 
gation. 

It should be emphasized that the conclusions reached in the present paper 
are based on observations made at least 10 weeks following anj^ operative 
procedure. The immediate effects seen within a few' days or w'eeks following 
such operations (2, 10, 11) are different from those recorded here, and involve 
other mechanisms including probably the production of pressor substances by 
injured or ischemic renal tissue. 


SUMMARY 

The blood pressure of adult rabbits was followed for three months or more 
followhig \ arious operative procedures on the Icidnej's. The average rise in 
blood pressure following unilateral compression of the kidney did not exceed 
that which foilow'ed unilateral nephrectomju Removal of the compressed 
kidney in a hjq^ertensive anhnal did not result in lowering of the blood pi'essure. 
Rabbits may exhibit hypertension even in the absence of all renal tissue. 

The implications of the observed results on our concept of the mechanism of 
experimental renal h^'-pertension are discussed. In the rabbit, as in the rat. 
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the available data support the view that chronic hypertension results from a 
deficiency induced by injury or removal of normal renal tissue and not from the 
foimation of a renal pressor substance. The latter, however, may play a part 
in causing hypertension in the acute experiment, 
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This paper deals with certain permeability characteristics of the blood-tissue 
fluid barrier in a perfused hind-limb preparation of the rat. The method was 
developed to obtain direct, continuous determinations of the rate of edema forma- 
tion in the preparation. By this means were investigated the laws relating varia- 
tions in the perfusion pressm-e and the osmotic pressure of the perfusion fluid to 
the rate of flltration across the barrier. 

Several methods have been used to measure the rate of filtration from the 
vascular system. Many of these have a common feature, viz,, the determination 
of the rate of accumulation of fluid in the extra-vascular tissue. Dmr 3 ' and 
Jones (1) introduced the use of a plethysmograph to measure dheetty the increase 
in tissue fluid volume in some portion of the limb of man, Krogh, Landis and 
Turner (2) and Landis and Gibbon (3) increased the accuracy of the plethj^smo- 
graphic method bj’’ a modification wherebj’’ the volume of tissue minus the blood 
could be determined. Drinker (4) developed a semi-quantitative method for 
determining the rate at which edema fluid accumulates m the perfused leg of a 
frog. Ellinger and Heymann (5), and more recentlj'- Danielli (6) and Sender 3 ' 
(7), determined the rate of edema formation in a Lawen-Trendelenberg prepara- 
tion of the frog b 3 ' measuring the weight at given inteiwals during a perfusion. 

The method described in this paper makes use of the especialty prepared hind- 
limbs of a rat, a perfusion system in which the pressure maA' be set at an 5 ' desired 
level and maintained constant, and a means for recording contniuousl 3 ' the 
weight of the preparation. A description of the technique as used for the frog 
is given in a previous paper (8). 

Methods. A. The fluids used. The colloids used in the experiments have 
all been considered for use as blood substitutes (cf. 9) and w'ere obtained from 
the manufacturer in grades suitable for pharmaceutical use. 

All the perfusion fluids were prepared b 3 '' dissolving the colloid in an isotonic, 
crystalloid solution (either 0.95 per cent NaCl or mammalian Ringer’s solution) 
buffered with sodium bicarbonate and phosphate to pH 7.2 ± 0.2. In some 
cases, traces of the d 3 n, T-1824, were added to the perfusion medium 

Colloid osmotic pressure measurements of the solutions were made with the 
osmometer described b 3 ’- Simms, Zwemer and Lowenstein (10). The membrane 
emt)lo 3 'ed was DuPont no. 600 cellophane. 

B. The preparaiion. Rats (125 to 175 grams) were anesthetised b 3 ' intra- 
muscular injections of about 0.1 cc. sodium pentobarbital (5 mgm./cc.). 

} The work described in this paper was supported in part by the Josiah Macy Jr. Founda- 
tion and bj' the California Fruit Growers’ Association. 
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A mid-ventral incision was made from the sternum to the pelvis; two lateral 
incisions permitted the displacement of the abdominal viscera and the exposure 
of the major abdominal blood vessels. To facilitate cannulation of the aorta, 
the portion of the peritoneum overljdng these vessels was cut awa3^ 

Twoiigatures were passed beneath the aorta and the adjacent post cava, one 
above the bifurcation of the aorta into the iliacs, and the second below the renal 
branches. The upper ligature was tied to occlude both aorta and the vena cava. 
The wall of the aorta between the two ligatures was then snipped mth iridectomy 
scissors, and a glass cannula (ca. 1.5 -cm. long and 0.1 cm. in outside diameter) 
inserted and passed beyond the lower ligature. This ligature was then tied to 
make a fluid-tight joint. The vena cava was now opened below the second 
ligature to permit unobstructed outflow. The perfusion was then started. The 
inteival between tying the fii-st ligature and the start of the perfusion was in all 
cases less than five minutes. 

After the perfusion through the limbs was begun, the viscera and the anterior 
portions were cut away. The completed preparation thus consisted of the 
musculature, skeleton and sldn of the hind-limbs and tail. In several cases the 
dye T-1824 was added to the perfusion fluid. The skin and muscles of the legs 
and tail became uniformly tinted •with the blue dye, indicating a thorough 
perfusion. 

C. The weighing and perfusion systems. The apparatus for perfusion and the 

method for determining the weight of the preparation during perfusion were 
essentially the same as previously described (8). ; 

The fluid to be perfused was forced out of a storage reservoir by a compressed 
mixture of 5 per cent carbon dioxide in 95 per cent oxygen. The perfusion 
pressure was maintained at a constant level by a mercury blow-off. The fluid 
on its way to the cannula passed through a dropping chamber to which a manom- 
eter was attached- The perfusate passed to the cannula through a six-inch 
length of rubber latex tubing (1 mm. 0. D.) which afforded a flexible connection 
to assure minimum interference "with the weight record. 

The weight of the preparation was recorded by a simple spring balance, the 
vertical displacements of which were traced directly on a slow-moving Irj’-mo- 
graph drum. 

D. Analysis of the records. The slope of the line traced on the kj-^mograph 
drum is directly proportional to the rate of change in weight of the preparation, 
which in turn is a direct measure of the rate at which fluid is accumulating in the 
extra-vascular tissues. 

The relation between the slope of the line and the absolute rate of increase 
in weight in grams per minute can be rapidly determined bj’’ the follo'ning 
method: the spring had been previously calibrated nath Icnown Aveights, so 
that the vertical displacement per unit weight can be determined from 
the record. The horizontal displacement per unit time is determined bj^ a 
timer on the drum. The Aveight AA'hich is represented by a 2 cm. vertical dis- 
placement is dh'ided by the time required for the dium to move 2 cm. This 
quotient is the rate of change in Aveight for a line on the kymograph drum having 
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a slope of 1, and is determined solely by the sensitivity of the spring and the rate 
of movement of the drum. This quotient is the rate constant. To determine 
the rate of increase in weight represented by any section of the experimental 
hne, it is sufficient to measure the angle between the line and the horizontal, find 
the tangent of the angle measured (the tangent being the slope) and multiply 
it by the rate constant. 

Because of the continuity of the weight record, anj' change in the rate of ac- 
cumulation of fluid is apparent on obseivation and, accordingly, is amenable to ’ 
quantitative expression by the method outlined above. 

Experbibntal. The descriptions of the experiments are divided into two 
sections. In section A those experiments giving data relative to the filtration 
rate as a function of osmotic pressure are described; in section B are included the 
experiments giving data relative to filtration rate, as a function of perfusion 
pressure. The following symbols are used to represent the quantitative factors 
involved: dV/dt, sometimes represented by y, for the filtration rate; K for the 
osmotic pressure; ,Pp for the perfusion pressure; and E for the rate of change of 
filtration rate with change in driving force. 

In each section, A and B, one experiment is given in detail. 

Section A. Filtration rate as a function of osmotic "pressure, y = fQio). 
In these experiments the perfusion pressure was kept constant thi’oiighout, while 
each preparation was perfused with solutions of several different dilutions of the . 
same colloid. Thus the rate of edema formation in a single preparation was 
determined for several concentrations of a colloid. 

Experiment 1 : With pectin in saline this relationship was found to he non-linear. 
Figure 1, curpe A. 

The perfusion was begun vith a solution containing 0.15 per cent pectin- in 
0.9 per cent socUum chlorfde, buffered to pH 7.2 (soln. 1) . The perfusion pressure 
(Pp) was ca. 87 mm. Hg. Ten minutes later all the blood was washed out and 
the weight record begun. 

Forty-five minutes later, by turning a valve, a second reseivoir containing a 
0.30 per cent solution of pectin (soln. 2) was connected to the dropping chamber. 
As indicator for the progress of the more concentrated solution, a small amount 
of the dye, T-1S24, was introduced into the S 3 ’^stem between the reseivoir and 
the dropping chamber. 

The first drop to show color fell from the chamber five minutes later, indicating 
that b\' that time all of the fluid in the preparation had been replaced bj' solution 
2. Meanvffiile the reseivoir contaming solution 1 was replaced b\' one contain- 
ing a 0.60 per cent solution of pectin (soln. 3) which was connected fifty minutes 
later to the di-opping chamber. An injection of d 3 ''e was made as in the first 
case, and in five minutes the fluid leaving the preparation was seen to be blue m 
color. After forty-five minutes the undiluted 1.5 per cent pectin (soln. 4) was 
comiected to the animal. One hour and fifteen minutes later a colloid-free NaCl 

- The pectin solutions were made bj- saline dilutions of Cutter’s 5774-A Pectin . This 
material is supplied in a 1.5 per cent solution in 0.9 per cent NaCI. I wish to thank Dr. R. 
B. Clark of the Cutter Laboratories for supplying this material. 
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solution (soln. 5) was substituted for the last solution. After a total of five hours 
and ten minutes the experiment Avas terminated. The preparation was removed 
from the chamber, disconnected from the cannula and weighed on a simple trip 
balance. This final weight Avas found to be 58 gi’ams. 

The total increase in AA^eight was determined from the kj'’mograph record of 
this experiment by measming the Ai-ertical distance betAA^een the end and the 
beginning of the curve. The initial weight of the preparation AA'as determined 
by subtracting the increase from the final weight. 

The .angle made by each segment of the kymograph record AAith the horizontal 
AA'as measured. These A^alues are listed together Avith the tangents in table 1. 
A negatme Amlue indicates decrease in AA’eight. To determine the rate of change 
in AA’eight in grams per minute, the tangent of the angle AA'as multiplied by the 
rate conslani. These filtration rates are listed in the fourth column of table 1 


TABLE 1 

Fillraiion rate as a function of osmotic pressure — Culler’s Pectin 577 liA 


ANIMAL 

CONC. 

ANGLE 

TANGENT 

y 

y 



Sr.% 



gm./min. 

gm. %lmin. 

cm. mo 

1 

0.15 

23 “15' 

0.430 

0.714 

0.166 

5.0* 


0.30 

10”55' 

0.193 

0.318 

0.075 

11.4* 


0.60 

4”05' 

0.071 

0.114 

0.028 

20.0 


1.50 

-3 “50' 

0.067 

-0.108 

-0.025 

50.0* 

2 

0.25 



0.570 

0.095 

8.5* 


0.50 



0.180 

0.030 

16.5 


0.75 



0.108 

O.OIS 

25.0 


1.50 

1 



-0.060 

-0.010 

50.0* 


* These pressures were determined directly. All others were obtained by interpolation. 
Each group of data was obtained on a single animal preparation. Thus, the Pectin data 
represent two animals, while the gelatin data were taken from three. 


headed y, grams/min. In order to make the re-sults obtained in this experiment 
comparable with those obtained in other experiments, the filtration rate per 100 
grams of tissue Avas determined by dividing the A’^alues of y, gi’ams/min. by the 
initial weight of the preparation and multiphdng by 100. These A^alues are 
listed in the column headed y, grams per cent/min. 

In a second preparation the filtration rates Avere determined AAith perfusion 
fluids respectiA'elj' containing 0.25, 0.50, 0.75 and 1.50 per cent pectin. These 
data are included in table 1. 

In the sixth column of table 1 (headed /«<,) are listed the osmotic pres.sures of 
the solutions used in both preparations. 

The A'alues of y, grams per cent/min. for the.se several concentrations of pectin 
are plotted again.st the corresponding A’alues of the osmotic pressure in figure 1. 
From this cuiwe (A), it may be seen that a solution of pectin liaA’ing an osmotic 
pre.ssure of about 20.5 mm. Hg (28 cm. HiO) AA’ould prevent edema formation 
in the preparations used. 
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Experiment 2: With gelatin in saline a similar non-linear relationship was found. 
Figure 1, curve B. 

Three preparations were used. The values for the filtration rates for the 
several concentrations of gelatin® are given in the columns headed y, grams/min. 
and y, grams per cent/min. in table 2, In the column headed ho are listed the 
osmotic pressures corresponding to the several concentrations of gelatin used. 

Figure 1, B, represents the value of y, grams per cent/min. for the several 
values of the osmotic pressure of the gelatin tested. The intercept of this curve 
shows that a solution of gelatin having an osmotic pressure of about 70 cm. H 2 O 
is required to prevent edema in the preparations. 

Experiments 3 and 4: With bovine albumin in Ringer's solution and until recon- 
stituted human plaema a linear relationship wae found. Figure 2 A and B. 



Fig. 1 , Filtration rate as a function of osmotic pressure. , Ordinates, y, gram per cent/ 
min.; abscissa, osmotic pressure in centimeters H 2 O. Solid ovals, curve A, data for pectin. 
Open circles, curve B, data for gelatin. 

Fig. 2, Filtration rate as a function of osmotic pressure. Ordinates, y, gram per cent/ 
min.; abscissa, osmotic pressure in centimeters H 2 O. Ovals, curve A, data foi\ albumin. 
Squares, curve B, data for plasma. 

The data obtained in these experiments are given in table 3, parts A and B, 
and plotted in figure 2. The albumin'' data were obtained from three animals, 
while the plasma® results were obtained from a single animal. 

® The gelatin solutions used were made by dilution of Kno.v’s P5-2L, packaged in a 6 per 
cent solution, in isotonic saline.' This material was generously supplied by Mr. D. Tour- 
tellotte of the Knox Gelatin Company, Johnstown, N. Y, 

^ * The bovine albumin solutions were made by dissolving the dry material in mammalian 
Binger’s solution and buffering to pH 7.2. The" albumin was prepared at the Armour 
Laboratories by methods developed in the Department of Physical Chemistry, Har- 
vard Medical School, both under contract with the Committee on Medical Research of 
The Office of Scientific Research and Development. 

■ = The human plasma was made by reconstituting a lyopbilized preparation of this ma- 
terial . The several dilutions were made by adding saline to the reconstituted plasma . The 
samples used were considered to be substandard for human use, and therefore made avail- 
able for experimental use. 
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From the figure it is clear that the relationship between y and ho for both these 
substances is a linear one. Both lines intercept the osmotic pressure axis at 
about 32 cm. H 2 O. 


TABLE 2 


^ Filtralion rale as a f unction of osmotic pressure — Knox Gelatin P5-20 


ANIUAl. 

1 COKC. 

y 

y 

ho 


S'". % 

gm./min. 


cm. BiO 

1 

1.0 

0.792 

0.108 

18.8* 


2.0 

0.570 


34.4 


3.0 

0.292 

0.040 

50.0* 

2 

1.0 

0.762 

0.127 

18.8* 


2.0 

0.443 

0.074 

34.4 


3.0 

0.271 

0.045 

50.0* 

3 

0,5 

0.924 

0.185 

9.4 


1.0 

0.624 

0.125 

18.8* 


2.0 

0.414 

0.083 

34.4 


TABLE 3 

Filtration rate as a function of osmotic pressure 


AKIUAL 

COKC, 

y 

1 

1 ^ 

ho 

A. Bovine albumin 


sm. % 

gm.fmin. ' 

1 gm. %/min, ! 

cm. BzO 

1 

2.0 

0.097 


12.6* 


5.5 

0.019 


34.4 

2 

1.0 

0.712 

0.147 

7.0* 


2.0 

0.513 

0.106 

12.6* 


5.0 

0.156 

0.032 

30.5* 

3 

3.0 

0.417 

0.089 

18.8 


4.0 

0.352 

0.075 

25.0 


8.0 

-0.352 

-0.075 

50.0* 

B. Human plasma 

1 

0.25C 

0.350 

0.083 



O.oOC 

0.261 

0.062 



1 0.75C 

0.105 

i 0.025 

i 30 


l.OOC 

-0.067 

i 

j -0.016 

40* 


Summary of section A. The results of these first four experiments indicate an 
inverse relationship between the colloid osmotic pressure of the perfusion fluid 
and the rate of edema formation. With pectin and gelatin the relationsliips are 
non-linear; -nitli bovine albumin and dried human plasma the}’ are linear. 
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Section B. Filtration rate as a function of the 'perfusion pressure, y — f(Pp). 
In these experiments the solution was kept constant through the course of each 
perfusion while the perfusion pressure was varied. 

Experiment 5: With a colloid-free mamtnalian Ringer’s solution the relationship 
is linear throughout a pressure range of 60 to 120 cm. HfD (48 to 88 mm. Hg). 
Figure 3. 

The perfusion with mammalian Ringer’s buffered to pH 7.2 was begun at a 
pressure of 85 mm. Hg and gradually decreased to 25 mm. Hg by lowering the 
leveling bulb on the mercurj'- blow-off. The preparation was then placed in the 



Fig. 3 Fig, 4 

Fig. 3. Filtration rate as a function of perfusion pressure: data for saline perfusions. 
Fig. 4, Filtration rate as a function of perfusion pressure. Solid circles fline A) 2 per 
cent albumin. Open circles (line B) 3 per cent albumin. Solid squares (line C) undiluted 
plasma. Half -solid squares (line D) i diluted plasma. Open squares (line E) diluted 
plasma. 

chamber and the l^onograph record begun. The perfusion was continued at 
25 mm. Hg for thirty-five minutes. The pressiue was then increased to 34 mm. 
Hg and the perfusion continued for thirty’' minutes. The pressure was then 
raised to 61, 75 and 93 mm. Hg respectively at thii-t3’- minute interv^als.- 
The data derived from this experiment are given in table 4. In the Gist two 
columns are listed the perfusion pressures in millimeters of mercuiy and centi- 
meters of water; in the third column, headed y, grams/min., the uncorrected filtra- 
tion rates; and in the fomth column, headed y, gi-ams per cent/min., the rates of 
filtration per 100 grams of tissue. 

In figure 3 are plotted the values of y, gi-ams per cent/min. as a function of the 
perfusion pressure, Pp. The three uppermost points fall on a straight line, while 
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the two points taken at the low pressures do not. The point of interception of 
the straight line wth the pressure axis represents a constant of the system which 
is probably a function of the loss in pressure between the manometer and the 
mean pressure in the filtration area. 

Experiments 6 and 7: With 2 and S -per cent bovine albumin in mammalian 
Ringer’s solviion the relationship is linear. Figure 4, A and B respectively. 

In table b, sections A-1 and A-2 respectively, are listed the data obtained in 
these experiments. The values of y, grams per cent/min. for the several values , 
of Pp are plotted as lines A and B in figure 4. 

These data are satisfied by two parallel straight lines. 

Experiments 8, 9 and 10: With plasma and diluted plasma the relationship is 
linear. Figure 4, C, D and E. 

In table 5, sections B-1, B-2 and B-3, data are given for expeiiments with 
plasma, -f diluted plasma, and h diluted plasma respectively. 

These data are plotted as C, D and E of figure 4. They are satisfied by 
straight lines, the slopes of which are related to the dilution of the plasma. 


TABLE 4 

Fillralion rale as a function of perfusion pressure — Saline 


PRESSURE 

y 

y 

mm. Jig 

cm. ll'.O 

gm.lmin. 

gm. %lmin. 

23 

34.0 


0.004 

34 

46.3 

0.0140 

0.031 

61 

82.8 


0,202 

74 

100.5 


0.2C8 

93 

126.0 


0.3G3 


Summary of section B. The relationship between perfusion pressure and 
filtration rate is direct and linear. The change in filtration rate for unit change 
in perfusion pressure is independent of concentration for albumin, but becomes 
less with addition of greater concentrations of plasma. 

Discussion. The filtration rate is a function of the driving force and the 
filtration area. Under the conditions of the experiments, the filtration area was 
not used as a dependent variable. It was assumed that no major changes in 
area resulted from the changes in filtration force imposed on the S 3 ’’stem because 
no significant change in rate of flow through the preparation could be detected 
in most of the experiments. In the case of perfusions ^vith plasma, where major 
changes in rate of flow do occur, the possibility of change in filtration area is 
noted, and its contribution to the change in filtration rate is discussed below. 
For the most part, however, the filtration area is taken to be constant, so that the 
filtration rate becomes a function of the driving force alone. 

This driving force has been defined by the equation of Beilis (11), which may 
be re-written: 


F = Pc-ho-Pi + hi 


( 1 ) 
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in which F is the net driving force; Pc and Pt the capillary and tissue hj’-drostatic 
pressures respectively; ho and ht the osmotic pressures of the perfusion medium 
and the tissue fluids respectively. It is therefore the resultant of four inde- 
pendent components. 


TABLE 5 


Filtration rate as a function of perfusion pressure 


^ ANUfAI, 

PRESSITRE 

y 

y 


Section A-1. 

Bovine albumin 2%. 4/3/44 



mm. Ilg 

cm. n-iO 

gm.lmin. 

gin. %/min. 

1 

35 

48.7 

0.071 

0.146 


50 

68.0 

0.0S4 

0.209 


65 

88.8 

0.100 

0.268 


Section A-2. 

Bovine albumin 3%. 4/3/44 


1 

. 20 

27.2 

0.005 

0.011 


35 

48.7 

0.023 

0.050 


50 

68.0 

0.052 

0.112 


75 

103.0 

0.100 

0.215 

2 

65 

88.8 

0.0613 

0.142 


75 

102.0 

0.0915 

0.212 


85 

116.0 

0.1159 

0.268 

Section B-1. Human plasma, C 

1 

65 

88.8 


0.007 


75 

102.0 




85 

116.0 




Section B-2. Human plasma 0.75 X C 


1 

50 

68.0 

0.0269 

0.040 ' 


60 

81.0 

0.0485 

0.071 


70 

95.0 

0.0835 

0.123 


SO 

108.5 

0.0855 

0.126 

Section B-3. Human plasma O.oO X C 

1 

65 

88.8 

0.0089 

0.019 


75 

103.0 

0.0302 

0.064 


90 

123.0 

0.0582 

0.124 


In the experiments described in this paper, the two minor components of the 
drirdng force, i.e., the tissue pressure and the osmotic pressure of the tissue fluid, 
were not measured. In all of the perfusions, even those of long duration, in 
which the total weight of the preparation had more than doubled, there was no 
decrease in the filtration rate •with time. This result is apparently at variance 
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•with those of Druiy and Jones (1) and of Landis and Gibbon (3), both of whom 
report a decrease in the rate of outward filtration of fluid as the tissue becomes 
more edematous. This difference may be attributed to the distribution of the 
edeina fluid in such a way that the tissue pressure (P<) in the preparations used 
does not increase for the amounts of edema normally encountered in the course 
of an experiment. The osmotic pressure of the tissue fluid (hi) could change 
in either one of two ways. Neither of these changes was found in the experi- 
ments reported in this paper. The accumulation of filtrate of the perfusion 
medium in the tissues should lower the concentration of tissue fluid colloids by 
increasing the volume of the tissue fluid. On the other hand, in the case of , 
certain colloids, there may be an escape of colloidal substance into the tissue 
fluid, at a rate sufficient to increase the concentration or, at least, the apparent 
osmotic pressure of the tissue fluid. 

The osmotic pressure of the pex-fusion fluid (ho) was determined directly, and 
could be varied by var^ung the concentrations of colloid in the solutions. The 
pressure in the filtration area (Pc) was measured indu-ectl 3 ’-, according to a rela- 
tionsHp proposed bj’’ Gomez (12), as some function of the perfusion pressure 
(Pp). In any event, the perfusion pressure could be varied or held constant at 
■vNill. The filtration rate ma}’’ therefore be considered as a function of the osmotic 
pressui'e and the perfusion pressure. This could be expressed bj’’ an equation of 
the form: 

dV/di = f(aPp-ho-C) (2) 

where a is the constant relating the cajfillqry pressure, Pc, to the perfusion 
pressure, P., and (7 is a constant that includel^'the osmotic and hj^’drostatic * 
pressure of the tissue fluid. 

In the experiments of the first section, the only variable was the osmotic pres- 
sm-e. From the results obtained vith albumin and plasma the nature of the 
relationship between this variable and the filtration rate per unit tissue m&y be 
established. 

The use of y, grams per cent/min. makes it possible to compare data obtained 
from two different animals. The use of .such a unit assumes equal filtration area 
per gram tissue. The validitj' of this assumption may be judged from the vari- 
ability of the filtration rate measured during perfusion with saline alone at a 
pressure of 85 mm. Hg in a group of eight preparations. The average for these 
eight filtration rates is 0.207 ± 0.026 gram per cent per minute. The standard 
deviation is about 13 per cent of the value of the mean. Tire error thus intro- 
duced bj’ individual variation is minimal. 

The euives in figure 2 show that the filtration rate in these preparations is a 
direct linear function of the phj^sicallj- determined osmotic pressure of the solu- 
tions. The equations of thc.se tAvo recti-linear curves are of the form: 

y = E(B-ho) (3) 

wherein F? is a constant measuring the slope of the line, and U is a constant which 
includes the components of the driving force other than the osmotic pressure of 
the medium. 
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The second series of experiments were designed to measure the change in 
filtration rate when the perfusion pressure alone was varied. In figure 3, the 
relationship between perfusion pressure and filtration rate is presented, under 
the special conditions of perfusion vith a medium having no colloid osmotic 
pressure. Therefore, the onl^’’ component of the driving force involved is the 
hydrostatic pressure. Under these conditions the points obtained at the three 
higher pressures are satisfied bj’’ a straight line, while the two lower points fall 
below this line. Disregarding for the moment the lower points, the experi- 
mental results may be fitted b3’' an equation of the form: 

y = E{P-A) (4) 

where B is again a constant of slope, and A measures the decrease in pressure 
between the manometer and the filtration area. 

Both equations 3 and 4 were derived empirically from the data obtained, and 
are special cases of the general law for filtration presented in equation 2. Equa- 
tion 4, furthermore, fits the corresponding data taken from lU’ogh, Landis and 
Turner (2). 

In figure 2 it will be seen that the value of B is less for the plasma perfusions 
than for the albumin perfusions, while the value of iS in both equations is about 
the same. The constant B measures the change in the filtration rate for a 
unit change in driving force (in this case, for unit change in osmotic pressure) 
for the total surface area in 100 gi’ams of tissue. For the albumin curve, B 
has the value of 0.00525 gram per cent per minute per centimeter FLO change 
in osmotic pressure. For the plasma cuive it is 0.0034. The difference in slope 
between the two lines indicates that at equivalent driving forces, the filtration 
rate per unit tissue is less with plasma than vith albumin. 

There are two explanations possible for this difference in their effectiveness: 
first, the permeabihty of the vascular wall maj'- be altered directly by some con- 
stituent of the plasma which is not present in the purified albumin; the second, 
a vasoconstriction may result from perfusion with plasma which is not en- 
countered during perfusion vith albumin. 

There is much experimental evidence to support the first explanation. 
Drinker (4) presented evidence that some component of serum has the ability 
to decrease capillarj’’ permeability. Sender}’’ (7) show’ed that a pituitary hor- 
mone could alter the rate of edema formation or decrease the filtration rate in 
perfused limbs. The ability of adrenal cortical hormone to alter vascular 
permeabihty has been sho-wn b}’’ Menkin (13), Freed and Lindner (14), and 
Hjrnian and Chambers (8). It is, therefore, possible that some chemical agent 
of this sort is active in altering the permeabihty of the membrane over which 
filtration must take place. 

The hjqiothesis of a vaso-constrictor substance in the citrated plasma is also 
based on emdence from the literature. The existence of these vaso-constrictor 
substances in shed blood has often been reported. Bing (15) has reported on the 
effect of these substances on perfused organs. Reid and Bick (16) have studied 
some of the chemical characteristics of these substances. Such a vasocon- 
strictor substance could alter the filtration rate in two W’aj’-s: the constriction 
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might he sufficient to eliminate completely certain of the capillarj'- beds, thus 
altering the filtration area, or a partial constriction on the arterial side of the 
capillary bed would lead to an increased resistance in the arterioles, and a lower 
effective filtration pressure in the capillaries, changing the value of the constant 
a in equation 4. 

The quantitative data obtained are compared directly vith the value obtained 
by Krogh, Landis and Turner (2) in table 6. They found an increase of 0.0036 
cc./lOO cc. volume of arm for each centimeter of HoO increase in osmotic pressure. 
This value is almost identical with the value of E obtained for plasma (0,0034) 
in the experiments reported in section A. The greater value for E obtained vdth 
albumin (0.00525) probabl}^ represents the filtration rate when none of the 
• decrements discussed above for plasma are operative. 

The intercepts for both the albumin and plasma curv’es are identical at a pres- 
sure of ca. 36 cm. HjO. A solution having tliis ph 3 ^sical osmotic pressure pre- 

TABLE 6 


Values of E. Change in filtration rate/ 100 cc. tissue 


roR 1 cir. HjO chance in: 

VEN'OTJS 

PRESSURE 

PERFUSION' 

PRESSURE 

OSMOTIC 

PRESSURE 

Whole blood in vivo (Krogh, Landis & 
Turner, 1 c.) 

0.0021 


0.0036 

0.0034 

Plasma 


C 


0.0013 

0.75C 


0.00214 


0.50C 


0.0030 


Bovine albumin 



0.00525 

Saline 







vents edema. Under these conditions the net diiving force may be considered 
as 0. Since all the components of the driving force except the osmotic pressure 
were considered constant in both experiments, it is probable that the effective 
osmotic pressure of these media are equal when their physical osmotic pressures 
are the same. It is likelj’' that none of the molecules of either of these two 
colloidal systems can escape across the vascular wall. 

The cuives obtained in the corresponding e.xperiments %vith pectin and with 
gelatin (fig. 1) cannot be fitted directly by equation 3. The deviation from a 
linear relationship is marked in both these cases. Both of these colloids are 
pol 3 ^-dispersed, and both have exceeding^’' great coefficients of as 3 "mmetr 3 ^ 
Precisely how these characteristics of the material would inten’'ene to alter the 
character of the ounces in figure 1 is not apparent. 

The intercept for the gelatin solution is exceedingly high. From the curves 
presented, it is apparent that under the same conditions of perfusion, a -gelatin 
solution would have to have twice the osmotic pressure of an albumin solution 
to prevent edema. This fact is of practical value in the choice of an adequate 
blood substitute. One of the prime requirements for an 3 ’- blood .substitute is 
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that it contributes significantlj’’ to the effective osmotic pressure. Therefore, 
the osmotic pressures of most substances which are proposed as blood substitutes 
are measured and these values presented as indicative of the efficacy of the 
various substances. The osmotic pressures measured in a physical system bear 
little relation to the effective osmotic pressures of the same colloid in the vascular 
sj’-stem, unless the membrane used in the osmometer is identical vdtli the vascular 
vail in its permeability characteristics. This caution is especially relevant 
since most of the substitutes considered are colloids of a highlj’' poly-dispersed 
character. 

In section B of the Experimental, a relationship between the rate of edema 
formation (outward filtration of fluid) and the perfusion pressure was estab- 
lished. Under the conditions of experiment 5 (fig. 3), it was pointed out that 
there is a linear relation between the pressure and edema rate at least for the 
higher pressures. 

Gomez (17) presents evidence which suggests that deviations from Poiseuille’s 
law at low pressures are associated with the characteristics of living arteries, and 
that non-living arteries do not show these abnormalities. He suggests that the 
low pressures ma}’’ be insufficient to open the contracted arteries. 

In experiments 6, 7, 8, 9 and 10 (on fig. 4) it was showm that there is a linear 
relationship bet-sveen filtration rate as a function of perfusion pressure wffien the 
perfusion medium contains either albumin or plasma protein as its coUoidal 
constituent. 

The slopes of these lines (E of equation 4) are a measure of the change in rate 
of filtration per unit tissue for unit change in driving force. In the equation, 
however, the change in driving force is not directly measured by the change in 
the perfusion pressure. As has been pointed out above, the magnitude of the 
effective pressure in the capillaiy bed depends on both the arterial and venous 
pressures. In these experiments the venous pressure could be considered as 
zero, since the fluid had free passage out through the torn vena-cava. By the 
equation of Gomez (12), it can be showm that a unit change in arterial pressure 
m vivo should lead to a change of about ^ of a unit in the mean capillary pressure, 
if the venous pressure is maintained constant, while a corresponding unit change 
in venous pressure would result in ^ of a unit change in capillary pressure. Al- 
though tills equation is probably not directly applicable to the preparations used, 
it suggests that the effective filtration pressure is a fraction of the perfusion pres- 
sure. The values of E should then be less than the true value of the change in 
filtration rate for unit change in capillary pressure, or for a corresponding unit 
change in venous pressure. 

The value of E for variation in pressure when the colloid is bovine albumin, 
is apparently independent of the concentration of coUoid, and is equal to 0.0030 
gram per cent/min. for a 1 cm, H 2 O change in perfusion pressure. In the case 
of the plasma proteins, however, the value of E increases with decreasing con- 
centrations (see table 6). It wiU be noted that the E for undiluted plasma is 
considerable less than the value ^ven by ICrogh, Landis and Turner, This 
deviation is probably due to the fact that their value is given for unit change 
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in venous pressure, while the present value is for a unit change in perfusion pres- 
sure. 

The variation in the value of E Avith altered concentration of plasma indicates 
some change in the sj^^stem which depends on the concentration of plasma and 
which results in a changed filtration rate. The possible mechanisms whereby 
plasma might affect the filtration rate have been discussed above. 

I wish to acknowledge my indebtedness to Prof. Robert Chambers for his 
guidance and assistance throughout this work. ' 

CoNCiiUSiONS. First: For the preparations used, it has been possible to dem- 
onstrate a linear relationship between the colloid osmotic pressure of plasma 
and albumin solutions and the rate of filtration. The methods employed make 
it possible to obtain a value for the change in filtration rate for unit change in 
osmotic pressure. This value is greater for purified albumin than for reconsti- 
tuted human plasma. 

Second : There is a linear relationship between the perfusion pressure and fil- 
tration rate. The changein filtration rate for unit change in perfusion pressure 
like^vise depends on the nature of the colloid used. For albumin, the change in 
rate of filtration per unit change in perfusion pressure is apparently independent 
of the concentration of the colloid. For human plasma, the corresponding 
change in filtration rate for unit change in perfusion pressure is dependent upon 
the concentration. It is least for the most concentrated solution. 

Therefore, it is to be deduced that the filtration rate responds to changes in 
the driving force in the same way as Avith a physical ultra-filter membrane. 

SUMMARY 

1. A method for determining the filtration rate under controlled conditions 
is presented. This method depends, on the continuous recording of the weight 
of a perfused preparation. 

2. The relationship betAveen the osmotic pressure of the perfusion medium 
and the filtration rate is established for four colloidal systems: albumin, recon- 
stituted plasma, pectin and gelatin. 

3. The relationship betAA'een the perfusion pressure and the filtration rate is 
established for three types of perfusion medium: colloid-free saline, albumin 
solutions, and several dilutions of reconstituted plasma. 

4. The folloAving conclusions may be draAvn from the data presented: 

a. There is an inAmrse linear relationship betAveen the osmotic pressure of the 
perfusion fluid and the filtration rate Avhen albumin or plasma is used. 

b. There is a direct linear relationship between the perfusion pressure and the 
filtration rate. 

c. The blood vessels of the preparation used can retain to a high degree mole- 
cules of the magnitude of albumin. 

d. The blood A’cssels of the preparation used probably permit the passage of 
some fraction of the poly-dispersed gelatin system. 

c. The effective osmotic pressure of a colloid in the vascular system is equal 
to the osmotic pressure determined in a physical osmometer only if the mem- 
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brane used in tbe osmometer and the vascular wall both retain the same fraction 
of the colloidal system. 
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The cardiac manifestations of hypertlij’Toidism — hypertrophy, pathological 
changes, and chemical alterations — have been attributed by some investigators 
to a specific “toxic” action of the thyroid hormone, by others to purely physical 
and physiological phenomena; the proponents of neither viewpoint have made 
any serious attempt at an experimental approach to the problem’s resolution. 
This seems attainable most decisive^’- by utilizing as test object a factor wliich 
can be quantitatively analyzed, which is altered significant!}’’ by hyperthyroidism, 
and which is not so altered bj’’ any disease or other uncontrollable process which 
might enter the picture. Such a test object is the glycogen content of the heart. 

The earliest discoverable report that cardiac glycogen is diminished in hyper- 
thyroidism appeared in a remark by Goodpasture (1) that he could discern no 
microscopically identifiable glycogen in the hearts of chloroformed, hyperthyi’oid 
rabbits. He did not make clear whether a similar loss was also to be found in 
hyperthyroid animals which had not been subjected to chloroform. Hoet and, 
Marks (2) made the first definite statement, based on chemical anal 3 ’’ses, that 
heart muscle was depleted of its glycogen content by thyroid feeding, and this 
conclusion has been repeatedly verified by many independent investigators. 

The only other factor which has been found uniformly to elicit a loss of cardiac 
glycogen is a diminished oxygen supply. Thus, Evans (3) found that h 5 ’’poxia 
depressed the heart’s concentration of glycogen in parallel Mth the extent to 
which oxj'gen was replaced by nitrogen. Similarly, it has been recognized fox- 
many years that tissues intended for glycogen analysis must be treated as rapidly 
as possible to stop glycogenolysis aftei’ arrest of the oxygen suppl}’’, and a major 
source of error has resulted -from all-too-frequent disregard of this precaution.' 

That the glycogen depletion of the hyperthyroid heart is probably not account- 
able to avitaminosis Bi is indicated by the repeated finding, most recentl.y re- 
ported by Edlund and Holmgren (4), that severe thiamin deficiency does not 
lower cardiac glycogen. As a matter of fact, it is unlikely that the intensity and 
duration of hyperthyroidism induced in the present investigation is such as to 
cause any significant avitaminosis. 

The decrease in heart glycogen resulting from the hyperthyroid state may be 
considered due either to a specific “toxic” effect or to a derangement in one or 
more physiological mechanisms as a result of the alteration of cardiac activity. 
If it is a consequence of increased activity of the heart, whether related to an 
augmented intensity of metabolism or work pei-formance, or even to the increased 
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heart rate per sc, then a similar loss of heart' glycogen shoDld'^be clicitable by 
chronically increasing cardiac activity through' fton-tliyi’oid inbahs; ' Thb ^'rbseht 
investigation is an attempt to stimulate the nondiyperthyrpid heart, to' depress 
activity of the hypertltyroid heart, and to analyze the -effects, on heart glycogen 
in the light of known physiological mechanisms. " " mi* 

Methods. Male adult albino rate were used throughout’,' • Although litter- 
mate controls were established in each experiment, it was hot f build hecess'ary to 
separate the data, for the variations in control heart glycogens -within any litter 
■«;ere no great.er than those in the colony as a whole. . m .,i • i , , . , 

The basal ration consisted of Purina dog chow, ad Ubiivm. This apparently 
led, at one stage, to a dietarj’- deficiency resembling mild manganese-lack. It was 
soon eliminated by addition of weekly portions of lettuce, but not by carrbts oi’ 
cabbage. Subsequently, the lettuce supplement was replaced by the addition 
of about 10 ppm. of MnCb to the drinking water. Under this regime, fertility 
was normal, fur and ej^es aiipeared healthy, and growth was rapid, attaining a 
weight of well over 300 grams at six months. 

DiU'ing, and for at least three months before, the experimental period, the 
animals were housed in a constant temperature room at about 27°C. 


Determination of heart glycogen. The method of preparing the heart for the glycogen 
analysis proved a major factor in^obtaining consistent results. After a 24 to 36-bour fast, 
the unnnesthetized rat was smartly transected somewhat above the level of the heart by a 
single cut with a large tinsmith’s bench shear. Manual compression of the lower chest then 
exteriorized the heart, so that a single snip with scissors could drop it, preferably still at- 
tached by the pulmonary vessels to sufficient lung tissue to ensure flotation, into a container 
of vigorously boiling Ringer’s solution. Time lapse between transection of the animal and 
destruction of glycolytic enzymes usually amounted to 1 to 3 seconds; actually, as many 
as 10 to 15 seconds could be lost in the operation -without significant destruction of 
glycogen. 

It was found necessary to use a fresh supply of boiling Ringer’s solution for each heart. 

The boiled heart was transferred to a shallow dish of Ringer’s solution at room tempera- 
ture, where it was carefully dissected free of all non-cardiac tissue. It was found advisable 
to eliminate the atria as -n'ell; otherwise, a variable amount of vascular tissue would have 
remained with the heart. The ventricles were cut into three or four portions, such that the 
chambers could be thoroughly freed from blood, and each segment was carefully blotted on 
filter paper, weighed on the torsion balance, and dropped into 2 cc. of 30 per cent KOII for 
the preliminary digestion. 

The purification and hydrolysis of glycogen followed the procedure of Good, Kramer and 
Somogyi (5), and the glycogen hydrolysate was analyzed for glucose by Somogyi’s (6) micro- 
modification of the Shaffer-IIartmann method. The glycogen value was 'derived from the 
product of “glucose obtained” times the factor 0.927 and was in all instances converted to 
milligrams per cent. 

As a result of the elimination of blood and non-cardiac tissues, the values obtained 
proved higher and more consistent than any to be found in the literature. The average, 
and standard deviation, on 20 normal rats was 659 ± 51 mgm. per cent. Extremes were 744 
and 526, but since the latter value was the only one below GOO mgm. per cent, it may be 
assumed faulty, though not discarded. The individual values have been incorporated 
into graph d, figure 2. 

Measurement of heart rate. Methods of counting the heart rate of the rat during forceful 
restraint, especially by needle electrodes, could not be expected to obtain even approxi- 
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mately basal values in these highly excitable subjects, and those involving palpation or 
auscultation appeared too prone to subjective variance. The procedure developed for the 
present investigation involved registration of the electrocardiogram from the surfaces of 
the animal’s feet. At first, this was transcribed with the usual electrocardiograph, but, 
aside from the expensiveness of bromide paper and the time lost in developing the film, the 
machine was disadvantageous in that it failed to tap the heart’s potential through the 
callouses which developed on the rat’s feet as a result of friction against the false bottom 
of its cage. A change was made, therefore, to the apparatus devised by Gerard and his 
associates for the recording of brain waves. By this means, the impulse was picked up by 
contact electrodes, stepped up by Offner’s (7) amplifier, and inscribed by the piezo-electrode 
cryptograph of Offner and Gerard (8) on adding machine tape. Since the tape was moved 
by a constant speed motor, the heart rate could be measured ndth great accuracy by the use 
of dividers. 

Construction of the animal holder is indicated in figure 1 . Copper plates imbedded in the 
hard rubber floor served as pick-up electrodes, one for both forefeet and the other for the 
liind feet. Soldered to each plate was a long iron screw which pierced the floor and dipped 
into a mercury cup .set into the shelf on which the cage rested. The potentials were thus 
led into the amplifier and crystograph. Animal, cage, and wiring were shielded from ex- 
tern.!! interference by a copper mesh screen; such interference was frequently utilized as a 
time check by simply opening the screen door and taldng a record of the 60-cycle hum. 
Neither electrode paste nor saline was required to facilitate transmission. 

To simulate the rough floor to which rats apparently are partial, a square of copper 
screening was soldered to each of the copper plates. The sides and roof of the animal holder 
were formed by a single bent sheet of heavy celluloid. Slots cut into the celluloid provided 
apertures for the fastening screws at the sides of the cage floor and at the same time rendered 
the cage adjustable to animals ranging between 150 and 450 grams body weight. 

The front gate was fashioned of heavy sheet metal with a fairly large copper screen win- 
dow for ventilation, A l|-inch overhang w'as bent into the upper part of the front gate to 
shade the animal’s head. (This author finds no merit to the almost universal assumption 
that bright light induces rats to sleep; it probably irritates their eyes, which are minimally 
protected by pigment, and forces the animals to close them and to curl up for shade. It was 
observed, in fact, that the animals were quieter when the screen on the front gate was coated 
with flat black paint.) 

A large slot was cut into the tail gate to allow protrusion of the tail and to avoid pinching 
the scrotum. It was also found advisable to use a small plate to close this slot in those 
instances, early in the training period, when a rat succeeded in turning around in the cage; 
without such a device, he was likely to gnaw at the edge of the tail gate. 

With this set-up it was nevertheless found necessary to allot at least a month for training, 
before the recorded heart rates reached a plateau. This was done by placing about a dozen 
rats at a time into separate animal holders and simply leaving them for about half an hour 
every day. 

The heart rate recorded for each run was the lowest one that was found in a ten-minute 
tracing, made after a ten-rainute rest. Any bodily movement could be easily detected by 
irregular oscillations of the crystograph pen. It soon became clear, however, that physical 
activity was not the only factor causing variations in heart rate. In most subjects, neither 
the final “basal” rate of each record nor the rates obtained on different days jibed as com- 
pletely as one might predict they would with the state of rest or activity. Since a sponta- 
neous quickening of the pulse often anticipated a movement and .since activity was in other 
instances neither accompanied nor followed by cardio-acceleration — sometimes, even, by a 
deceleration—, it became patent that greater variation was induced by the psyche than 
by the soma. 

Temporatiu'e changes likewise exercised an influence on the heart rate. On a few occa- 
sions, cold spells which were not anticipated and prepared for succeeded in lowering 
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the room temperature by several degrees. All heart rates taken during such periods were 
greatly elevated. 

In assigning normal heart rates for comparison with those attained during the experi- 
mental period, each animal’s graphic record of "basal” heart rates, covering a period of 3 
to 6 weeks, was scanned and a “predictable” rate adopted. The resultant values, not truly 
basal for more than a small proportion of the 113 male rats, ranging between 200 and 370 
grams body weight, which were used, averaged 4.4 ± 0.30 per second, or 264 ± 18 per minute. 

Measurement of basal metabolism. The machine devised for determination of basal me- 
tabolism was of the closed-circuit tj'pe, measuring only the oxygen consumption. Water 
bath, spirometer box, and animal chamber were all constructed of sheet brass, which proved 
adequate for rapid equalization of temperature throughout the system. This temperature 
was maintained within narrow limits by means of a tubular model heating unit, controlled 
through a relay by a thermoregulator immersed in the water bath. The water was circu- 
lated by a noiseless electric stirrer. Effectiveness of the temperature control was checked 
bjj observing the time consumed in reaching constant volume after filling the system vdth 
oxygen; this process never required more than fifteen minutes. Once constant, the volume 
did not vary more than half a cubic centimeter during the interval between successive 
activations of the thermal element. Temperature within the animal chamber was kept at 
28°C., the temperature of thermic neutrality for the albino rat. 



, Fig. 1. Cage used in determining rat heart rate. Description in text. One-quarter 
scale. 


The animal chamber was rendered airtight by the usual water seal. Its lid was provided 
with a large window made of two sheets of glass separated by an air space to limit condensa- 
tion of water. The thermometer and a stopcock, to allow free movement of air into the 
system whenever the apparatus was opened, were fitted into the lid. 

A false-bottom floor vithin the animal chamber was formed by the copper screen lid of a 
soda lime tray, whose bottom also was made of copper screening. This entire tray was 
elevated about an inch above the true floor of the animal chamber, leaving space for a pool 
of •n>ater below the CO 2 absorbent. Koehler (9) pointed out the advisability of maintaining 
a relatively high humidity within the chamber, partly to keep the soda lime at maximum 
absorptive efficiency and partly to induce the animal to relax. He considered that a vapor 
tension exceeding 75 per cent, however, was not thus conducive to rest. The present author, 
on the other hand, observed that the sedative action of humidity on rats varied directly 
■adth vapor tension and that a pool of water on the floor (99 per cent humidity at 28°C.) was 
most productive of rest. Under this regime, the animals almost immediately composed 
themselves for sleep, with but a small proportion of recalcitrants. 

The spirometer bell was made of thin-walled brush copper, which is far less vulnerable 
than aluminum to attack by soda lime. Of the Krogh type, operating on the principle of a 
hinged box, it pivoted about jewel bearings, thus allowing complete freedom ,of movement 
without the shifting encountered in the cylinder tj-’pe spirometer. The bell was counter- 



■ 690 


LOUIS E, MOSES 


weighted in such manner that, with the system opened to the outside, it descended slowly 
and without acceleration. At the end of the stainless steel tubular writing lever was at- 
tached a free-swinging capillary tubing writing point which exerted a constant pressure, 
determined by its own very slight v/eight, against the kymograph drum. Its tip was melted 
into a smooth ball to minimize frictional variation. 

Use of these contrivances led to a high degree of sensitivity, so much so that the slightest 
•movement of the rat communicated itself as gross oscillations to the kymogram. Such 
precision also made possible the measurement of oxygen consumption in five-minute 
periods. It was found that a sufficiently sensitive machine could be used for such short 
Intervals, in actual fact gave lower and more constant results than any recording over longer 
periods. 

In view of the fact that comparisons were to be made between the normal and experi- 
mental states in the same animal, all basal metabolism values were expressed as "cc./hr.” 
Had body weight or surface area been used for reference, the loss of body fat with develop- 
ment of hyperthyroidism would have made the experimental figures inordinately high. 
For comparison with the data of other workers, however, the values were also converted for 
expression in the most customary terms. Of 132 determinations, during sleep, on 40 rats, 
the following equivalent averages were obtained; 

686 cc./kgm./lir. (S. D., ± 45 cc.) 

79.4 Cal./kgm./day 

594 Cal./sq. m./day (S. = kW*/“; k = 9.1) 

These animals, all males, were 6 to 8 months old and ranged in weight from 267 to 370 grams 
(average, 315 grams). 

In actual use, it was found that, although normal values were adequately constant, 
rarely varying as much as 10 per cent in any individual (sleeping state), determinations 
made upon hyperthyroid rats were highly unsatisfactory. Subjects which had previously 
gone to sleep within a few minutes of their entrance into the animal chamber were observed, 
when in the hyperthyroid state, making repeated attempts to compose themselves, but 
always failing. The basal metabolism determinations were therefore made under light 
nembutal anesthesia (40 mgm./kgm., ip.). This treatment depressed metabolism below 
that during deep sleep, in varying degree on different occasions, yet it gave a better com- 
parison between normal and hyperthyroid values and was adopted as standard procedure. 

Production of polycythemia. The finding of Waltncr (10) that both the erythrocyte count 
and the hemoglobin value of rats’ blood could be increased by cobalt feeding has been 
abundantly confirmed. This phenomenon was utilized in the present study by adding to 
the drinking water that amount of 10 per cent CoCl; which was calculated to afford each 
animal a daily intake of about half a milligram, in terms of the cobalt ion. 

Since Orten cl al. (11) .showed a toxic effect of cobalt, and that it could be overcome by 
simultaneous feeding of manganese, an equal volume of 10 per cent MnClj was u.sed to 
supplement the cobalt, also by addition to the drinking water. 

Production of anemia. The following method was developed for removal of large quanti- 
ties of blood from rats. Under moderate nembutal anesthesia (50 mgm./kgm., ip.), the 
animal’s tail was maximally vascularized by immersion in water at about 50°G. for about a 
minute. A tv.'o-inch length was then severed from the tail and the bleeding stump sub- 
merged in 5 per cent sodium citrate solution, preferably warm, to prevent coagulation. 
Usually, blood continued to .spurt into the citrate for 10 minutes or more, and as much as 
Ql cc. could be removed thus from a 250-gram rat. Since the species has been estimated as 
pos.sessing some 4i cc./lOO grams body weight, this amounted to well over a 50 per cent 
depiction of its total blood volume. 

By using a 25 cc. graduate c 3 'lindor previously' charged with citrate to the 15 cc. mark, it 
v.-as possible to control the quantity of blood removed by observ'ing the level in the graduate 
and, at the desired time, .arresting the hemorrhage by chilling under the cold water faucet. 
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Determination of hemoglobin. The method of Evelyn (12) was followed, except that the 
hemoglobin was oxygenated by shaking with 0.1 per cent NajCOj, rather than dilute 
NH^OH, for a more stable oxyhemoglobin suspension. An Evelyn photoelectric color- 
imeter was used to determine the density of the blood-NaiCOa mixture and the hemoglobin 
content calculated from the photelometer reading. 

Experimental results. In all experiments not otherwise specified, each rat 
underwent repeated determinations of heart rate and a single measurement, under 
nembutal anesthesia, of basal metabolic rate for establishment of its “predictable” 
values. After these standards were clearly attained, the particular experimental 
procedure was pursued for a period of 12 to 16 days, dming which the changes in 
heart rate were followed and the terminal metabohc rate measured. Finally, 
the animal was sacrificed for analysis of cardiac glycogen, and comparisons were 
made with the normal and with the results of other procedures. 

The alterations of basal metabolism obtained were taken as indicating the 
metabolic stimulation of the heart, on the basis of the obseiwation by Dock and 
Lewis (13) that the itse in oxygen consumption of the rat hearfc-lung preparation 
paralleled that of the whole animal under thyroid adnainislration. 

Production of experimental hyperthyroidism. A moderate degree of hyperthy- 
roidism was induced by feeding 25 mgm./lOO gi'ams/day of Armour’s desiccated 
thyroid, blended into a small amount of salad dressing or grated carrot. Most 
animals consumed the mixture readily, especially vnth the latter vehicle; those 
few which refused were given the medication by force until the hyperthyroid state 
set in, after which they were nearly always so hungry as to require no further 
urging. 

This single dosage level of thyroid substance, taken in aU instances from a com- 
mon bottle, exerted a highly inconstant effect on heart rate, metabolism and 
cardiac glycogen . The heart rates in 25 rats were accelerated by 5 to 50 per cent 
(average, 26 per cent) ; basal metabohsm Avas increased in the 12 rats studied 
under nembutal anesthesia by 23 to 72 per cent (average, 51 per cent) ; and the 
hearts were depleted of their glycogen contents to a similarly variable extent 
(fig. 2). 

Statistical handling of expeiimental and control data together did not prove 
advisable; the mere fact that all hyperthyroid animals varied in the same direc- 
tion from the controls made several relations appear more real than closer 
semtiny permitted. The correlation coefficient of the percentage increase in 
heart rate with the percentage increase in metabolism, determined according to 
the method of Fisher (14), gave an r value of 0.7799, corresponding to a proba- 
bilil-3' of well imdcr one chance in one hundred of the relation being fortuitous. 
But similar analj-sis of the experimental xmlues alone obtained an r of —0.4649, 
obviously without meaning, especially in view of its negative sign (see fig. 2a). 

Correspondingly, trend lines, computed by the method of least squares, were 
distorted by the inclusion of control values In figure 2, therefore, tAvo such 
trends were constructed for each graph, one including control and experimental 
data (broken line), the other depending on experimental figures only (.solid line). 
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The nearness with which those two trends coincided was taken as indicative of 
the innate relation between the factors involved. 

As illustrated in figure 2, there was no close relation between the stimulation 
of heart rate and that of metabolism in hyperthyroidism (graph a), nor between 
the percentage increase in metabolic rate and the decrease of heart glycogen 
(graph h ) . On the other hand, 25 rats, including the 12 used in relating glycogen 



Fig. 2. Effect of hyper thj'roldism. Solid trend lines are computed from experimental 
rats only; broken trend lines are from ex'pcrimentals and controls, combined. Correlation 
coefficients based on experimentals only are placed at ends of solid trend lines; correlation 
coefficients derived from experimentals and controls arc at ends of broken trend lines, a, 
relation of heart rate increase to metabolism increase; b, relation of heart glycogen to 
metabolism increase; c, relation of heart glycogen to heart rate increase (same individual 
rats as in a and h ) ; d, relation of heart glycogen to heart rate increase (controls of entire 
series arc placed at 0 — 0) . 


to metabolism, showed that the decrea.se in heart glj'cogen roughly but definitely 
paralleled the percentage increa.se in heart rate (graphs c and d). 

Deceleration of hyperthyroid hrart. Several attempts were made to depress the 
rate of the liyperthyroid heart to or tov-'ard normal. Thc.se included the intra- 
ncritoneal injection, twice e.acli day, of as much as G cc. (1,2 mgm.) of lanato.sidc 


HYPERTHYROIDISM AND CARDIAC GLYCOGEN 


693 


C^, 0.3 mgm ./100 grains of thevetin^, 0.02 mgm./lOO grams of carbaminoyl choline 
chloride, and 15 mgm./lOO grams of quinidine sulphate. In no instance was the 
pulse retarded; in some individuals, an even greater tachycardia was produced. 

None of the data assembled on these animals was incorporated into any graph, 
since, in the face of the atypical effect on heart rate, them actions on other phases 
of cardiac ph3'^siology could not be deduced from the literature. However, the 
glycogen values obtained were such that they could have been inserted without 
distortion into the graph relating glycogen decrease to the degree of tachj’-cardia 
(fig. 2 d). That is to say, administration to hjqierthyroid rats of none of these 
agents had anj’’ significant effect on either the tachycardia or the depression of 
heart gl3'-cogen. 

Cardiac acceleration hy non-thyroid means. Chilling. Subjection of rats to 
increased thermoregulatoiy demands was accomplished by depilation vith sat- 
urated BaS of' the entire body below the head. Some of the rats were subse- 
quently placed in an environmental temperature of about 20 °C., some in the 
refrigerator at 2 °C. (all these animals died), and some were kept at 27 °C. 

According to the findings of Hamilton, Dresbach and Hamilton ( 15 ) and of 
many other investigators, a depression of body temperature and of heart rate, 
along ivitli an elevation of metabolism, were expected to occur on thus chilling the 
animals. Actually, probabl3’' because no restraint was exercised upon the rats 
during these relativel3'' prolonged experiments, an increase in heart rate obtained 
in the five h3’-perth3’-roid, normal and, th3T:oidectomized rats which survived the 
several maneuvers. 

Plotting the tach3’'cardia thus produced against the termmal heart glycogen 
values gave the curve reproduced in figure 3 a, to all appearances identical with 
that derived in h3^perth3''roidism alone; the trend line from figure 2 c? has been 
inscribed on this and other graphs for comparison. That the glycogenolytic 
effect was not exercised thi-ough a stimulation of th3a’oid activity was shovm b3>- 
1 , its occurrence in the th3'roidectomized animals, and 2 , the e%'idence of thyroid 
histolog3’' in the chilled normal and th3uoid-treated animals. Hematox3din-eosin 
sections from the chilled noimal rats showed predominantl3'' a flat acinar epithe- 
hum and colloid-filled alveoh, vdth a small proportion of partially empt3’- alveoli 
ha^■ing low cuboidal lining cells. The th3a’oid gland of the th3u-oid-fed rat which 
hadbeen chilled exliibited onb’’ colloid-swollen acini surroundedby flat epithelium. 
Apparentl3’-, there was no stimulation of thyroid acthdt3’- b3’' the moderate chilling 
produced. The rectal temperature was reduced b3’’ about 1 . 5 °F. 

The completeness of thyroidectom3’' was vouched for by a definite fall in both 
heart rate and metabolism and b3’- an absence of macroscopically identifiable 
tlni’oid tissue at autops3^ 

Atropine. Atropine sulphate was administered by intraperitoneal injection 
of 10 mgm./lOO grams, tvice daib’’. This procedure was found to maintain the 
heart rate at levels approximating those obtained in the th3’Toid feeding experi- 

I 

= Lanatoside C (Cedilanid) was supplied hy courtesy of Sandoz Chemical Works, Inc.. 
Kew York. 

3 Thevetin was supplied by courtesy of Eli Lilly & Co., Indianapolis. 
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ments, though the pulse probabb’- began to regress toward normal during the 
hour or two preceding the moi-ning injection. Since the dosage required was 
quite close to lethal, several animals died before completion of the course of in- 
jections; seven sundved to the end. 

The relation between cardiac acceleration and gl3"eogen, expressed by the usual 
graphic method in figure 36, roughlj^ followed the same course as in the hj-per- 
thjn’oidisra experiments. 

Caffeine. As a means of stimulating the mjmcardium directl}’-, caffeine citrate 
was given intraperitoneally in twice daily amounts of 8 to 15 mgm./lOO grams. 
The smaller dosage was effective during the first few days of treatment, but de- 
velopment of tolerance bj’' the animals required that the quantity be increased 
progressivety. Maintenance of any constant degree of tachycardia was relatively 
unsuccessful arid fluctuations therefore unavoidable. 

As indicated in figure 3c, the depression of cardiac gl3'cogen in the five rats 
which completed the e.xperiment was clearty less than that which might have been 
expected from the levels of tachycardia developed. That difference might have 
been due to a simultaneous improvement of blood suppl3^ to the m3mcardium, 
resulting from the actions of caffeine in increasing general blood pressure and 
dilating the coronary vessels. 

Eflvedrinc. Attempting to test the suspected cause of caffeine’s difference 
from the other cardio-accelerators used, ephedrine sulphate was administered to 
one litter, alone or after production of h3’’perth3Toidism. The maximum dose 
tolerated, 6 mgm./lOO grams, ip., twice a da3^, produced relath'el3’- a slight 
speeding of the heart’s action, followed after about six hours in most animals b3’' 
a fall to, or even belo\V, the control pulse level . 

Of the five sunriving rats, three were h3’’perth3u-oid. Two of these animals 
showed a decrease in heart rate, after the earl3- rise, to somewhat below their 
h3'’perth3'roid level, and their heart gtycogens were 330 and 335 mgm. per cent, 
probably most nearty related to the degree of tachycardia they would have had 
with th3Tfoid alone. The pulse rate of the other hyperthyroid individual was 
depressed to its control level, namety, the level before th3'roid treatment was 
instituted; that animal’s gtycogen value was 523 mgm. per cent. Of the two 
non-h3Terthyroid rats, one received a slight tachycardia from the ephedrine 
injections, while the other rat’s heart rate was unchanged or slightly reduced; 
their heart gh^cogen concentrations were 403 and G92 mgm. per cent, respectiveh*. 

The consequences of ephedrine administration, thus, proved variable on both 
heart rate and heart gl3’'cogen, and no conclusions could be drawn from that 
experiment. The literature, too, has shown such a diversity; both an increase 
and a decrease in heart rate and blood pressure have been reported for un- 
ane.sthetized animals 63' Chen and Sclimidt (IG). 

Allcrationa in oxygen supply to the heart. Tlie results oljtained with caffeine 
administration, along with the well-knowm effect of anoxia in depressing heart 
glycogen (3), pointed to the possibility that the loss of glycogen in hyperthyroid- 
ism might be due to a hypoxia, depending on a relative anemia of the excessively 



HYPERTHYROIDISM AHD CARDIAC GLYCOGEN 


695 


active heart. A method of testing this hypothesis was offered by studies oh 
polycythemia and anemia. 

Anemia. Five rats were bled by’- the method described, and their cardiac 
gly’-cogen and hemoglobin values were determined five days later. The relation 
of heart glycogen to hemoglobin (fig. 4a) showed a decline in glycogen beginning 
at a hemoglobin level of 11 or 12 gi'ams per cent and falling off rapidly thereafter. 

The normal hemoglobin value, determined in six untreated rats, was 16.5 
grams per cent; range, 15.4 to 17.4 gi-ams per cent. 

Polycythemia. Of a total of 23 cobalt-treated animals, 16 were rendered hy- 
perthyu'oid and, vith their 7 polycythemic controls, studied in the usual manner. 
The relation between heart rate increase and glymogen content (fig. 4b) showed a 
possible trend toward conservation of cardiac glycogen, especially at the higher 



Fig. 3. Effect on heart glycogen of tachycardia produced by non-thyroid agents. Super- 
imposed on each graph is the trend line obtained in figure 2d, relating heart glycogen to 
percentage increase in heart rate by thyroid treatment, a. Effect of chilling by depilation 
with barium sulphide. 6. Effect of atropine, c. Effect of caffeine. 

Fig. 4. Influence on heart glycogen of blood hemoglobin level, c. In non-hyperthyroid 
rats. Anemic rats at left, polycythemic at right, normal range as indicated, h. In poly- 
cythemic hyperthyroid rats. Polycythemic non-hyperthyroid controls are placed' on 
ordinate guide line. Trend line from figure 2d is superimposed. 

levels of tach 3 ’-cardia. The range of hemoglobin in 11 of these hyperthyroid 
polyci-lihemic rats, the onlj* ones on whom determinations were made, was 16.2 
to 21.4 grams per cent. 

The conclusiveness of this expei’iment is not overwhelming. Among those 
hyperthjToid polycjdhemic animals whose hemoglobin values were obtained, 
there was evinced no clear-cut protective trend; mifortunately, the four rats 
whose heart glycogens were highest above the expected were not among those 
whose hemoglobin levels could be detennined. On the other hand, as indicated 
by the polyc.vthemic control glj'cogens (fig. 4, a and b), the range of heart 
glycogen values in non-thjToid-treated animals was extended to limits of at least 
Sll and 516 mgm. per cent, impljdng a separate, variable influence of the cobalt 
treatment itself. Aside from this, there could be no assurance that the necessar- 
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ily increased viscosity' of the poiycj’theraic blood did not counterbalance any 
beneficial effect of the elevated ox 3 ’’gen carrying power. 

Relative depletion of right and left ventricles. Another avenue of attack was 
offered by the fact that coronary blood flow to the musculature of the left x'en- 
tricle is interfered with during s^'^stoie. The deeper branches of these aideries 
have been demonstrated to be subjected to high external pressure b}’' the con- 
tracting heart wall, thus impeding flow and relegating it mainl}’’ to the diastolic 
phase of the cardiac cycle. It has also been amply shovn that an acceleration 
of the heart occurs primarily at the expense of the recovery period, so that any 
abbreviation in the cardiac cycle takes place as an encroachment on diastole, 
affecting systole but little. Hence, the proportion of the cycle during which 
there is free coronary flow to the subendocardial portion of the left ventricle 
must be less in a rapid than in a slow heard. ' 

On these grounds, it seemed likely that, if the lo.ss of heart glycogen during 
prolonged tach 3 ''cardia is accountable to deficient blood flow — i.e., relative 
anoxia — ^to the heart musculature, the depletion would be correspondingly greater- 
in the left ventricle. Comparative determinations were therefore attempted on 
the right and left ventricles, separately, in hj^per-th^-roid rats. The glj’cogen 
analj’-sis, however, proved far less reliable with the small amounts of tissue here 
involved, especial^ in the instance of the right ventricle, than those perfor-med 
in the other experiments. The time elapsing between opening of the chest 
and immersion of the heard in boiling Ringer’s solution became extremelj’’ im- 
poidant. Most consistent results, though still far from being compietelj’’ satis- 
factory, were obtained when this “removal time” was held irnder two seconds 
and when the amount of left ventricle used for analysis was limited to less than 
twice the rveight of the right ventricle. The values obtained on the 16 normal 
and 19 hyperthjnroid hearts which accorded with these requirements (table 1) 
show-ed a generallj’- higher glycogen concentration in the left ventricle in normal 
hearts and in the right ventricle in hyperthjToidism. The apparent loss of 
glycogen, upon moderate thyroid medication, bj’- the right ventricle was 13 per 
cent, by the left ventricle 18 per cent, amounting to a 37 per cent groater loss 
by the left ventricle than bj^ the right. 

This evidence apparently favors the theory that the glycogen loss is attribut- 
able to a relative ischemia, exaggerated in the left ventricle by the dj'namics of 
coronarj’- circulation in that chamber. How’ever, statistical analj-sis of these 
data show-ed that the significance oi the difference between the means of control 
and experimental glj-cogens in the right ventricle had a t value of 3.04, of the left 
ventricle 5.95. The difference, though suggestive, is thus not highly .significant. 

Djscussiojt akd conclusions. The observation that hyperthyroidism, chill- 
ing and atropinization all decrease cardiac glycogen, depending directly on the 
degree of tachj'-cardia, seems to indicate that that effect is direct!}' and causalfy 
associated with the increase in cardiac activity. The influence of cooling and 
of atropine are probably alike exerted predominantly or entirely through the 
nervous SA'stem, giving as ncarlj' a pure acceleration as could be establi.shed in 
chronic animals, yet their effects on the glycogen level are as great as that of 
thyroid feeding. 
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These observations indicate that the glycogen depletion, at least, of the so- 
called “thyroid” heart is not due to any specific action peculiar to the thyroid 
hormone. Were it to be found possible to prevent or inhibit the tachycardia of 
liyperthyi’oidism, a more crucial test of the apparent relation to cardiac activity 
would be feasible. 

The lessened glycogen depletion obtained with caffeine administration implies 
a major role on the part of some additional factor. That this factor may be one 
of blood supply to the heart wall is suggested by caffeine’s action of increasing 

- TABLE 1 

Comparative depletion of glycogen in right and left ventricles 

CONTPOL 1 nVPERTnVROID 


Right ventricle Left ventricle R.V. minus L.V. Right ventricle Left ventricle R.V. minus L.V. 


357 498 -141 466 441 . +25 

709 645 +64 680 521 +59 

628 556 -28 425 480 -65 

518 602 - 84 426 424 +2(=) 

579 567 +12 423 ' 523 -100 

638 650 -12 411 448 -37 

640 669 -29 496 472 +24 

436 473 -37 541 508 +33 

537 535 +2(=) 482 465 +17 

470 518 -48 451 668 -117 

643 683 -40 519 442 +77 

506 543 -37 602 528 +74 

617 567 +50 478 443 +35 

590 690 0(=) 496 • 424 +7? 

581 591 -10 465 439 +26 

668 , 550 +18 557 511 +36 

459 456 +3(=) 

468 471 -3(=) 

435 450 -15 


Av.: 558 577 -19 Av.: 483 474 +9 


R.V. > L.V. R.V. < L.V. R.V. = L.V. 


Control 4 10 2 


Hyper thyroid 12 5 3 


cardiac circulation by raising the general blood pressure and dilating the coronaiy 
arterioles. Partial support for this explanation derives from the loss of heart 
glycogen brought about solely by severe anemia, and, contrariwise, by the 
tendency toward protection by polycythemia. 

The theory may be advanced, quite tentatively, that a reduction of glycogen 
stores in the heart is consequent upon an ischemia to the myocardium. An 
increase in cardiac activity, be3’'ond the limit of a parallel increase in blood supply 
under the particular conditions, must result in a relative anoxia. In the tachy- 
cardia of hyperthyroidism, some reflex and'chemicall}’’ stimulated adjustment of 
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circulation is doubtless made, but it is quite possible that the coronaiy dilatation 
which does occur is able to obtain insufficient additional blood flow in the face of 
more forceful demands by other h 3 ^permetabolizing tissues. The major driving 
force for coronaiy blood flow — aortic pressure — ^is not significantly augmented 
in hj’’perthyroidism. 

Tiiis concept of an ischemic etiology of the glycogen depletion accords well 
mth the ideas advanced by Goodpasture (1) and bj’’ Simonds and Brandes (17) 
in their attempts to explain the microscopic appearance of the “thyroid” heart. 
Similar cardiac histopathologj’- to that claimed specific for h 3 ''perth 3 ’Toidism was 
described bj’’ Thorel (18) for patients with coronarj’^ insufficiency and b}’’ Schmidt- 
maim (19) and Pfleiderer (20) for sections prepared from the hearts of rats, guinea 
pigs and rabbits in which coronaiy disease had been expeiimentallj’^ produced. 
The fatty and hyaline degeneration, round cell infiltration and scar tissue forma- 
tion, frequently perivascular, which have been described as characteristic of 
thjToid intoxication are precisely what one should expect from myocardial 
ischemia. 

A definitive statement caimot, however, be made until actual studies of 
coronaiy arterio-venous oxygen differences have been earned out. Certainty the 
finding of Essex et al. (21) that the coronaiy flow maj’’ be increased in h 3 "perth 5 ’'- 
roid dogs b 3 '' a maximum of about 200 per cent does not support such a concept; 
it would strongty controvert this idea were that maximum maintained over a 
period of da 3’-8 or weeks. 

The increased rate and work of the rapid heart are coupled with a necessarily 
abbreviated recover 3 '- time between beats, as well as a diminished period during 
which circulation is at its maximum, and these forces may well set into motion 
a vicious C 3 ’'cle. Whether the 3 ’' actualty do so must be determined by direct 
experimental anatyses, preferabty .simultaneous!}', of these several factors. 

The author vishes to express his gratitude to Prof. A. B. Luckhardt and to 
other members of the Department of Ph 3 ’’siolog 3 ’', as well as individuals in other 
departments of the University of Chicago, for advice and encouragement during 
the conduct of this investigation. 

SUMMARY 

1. Methods were developed for accurate and consistent determination of 
heart rate, ox 3 'gen consumption and cardiac gtycogen in the white rat. A 
technique Was also devised for the removal of large amounts of blood from the 
rat’s tail, 

2. Standard “predictable” levels of heart rate and basal metabolic rate were 
established in 1 10 rats. After approximatcl}' two weeks’ experimental manipula- 
tion, cardiac gl}'cogen contents were determined and compared, in relation to 
the changes produced in heart rate and metabolic, rate, with normal controls and 
vdth eacli other, 

3. Moderate hyperthyroidism was found to deplet e heart gtycogen to an extent 
directly related to the increase in heart, rate but not clo.sely related to the meta- 
bolic stimulation. 
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4. Atropine and chilling (bj' depilation) decreased heart glycogen, in relation 
to the tachycardia produced, to a degree similar to that obtained in hyperthy- 
roidism, 

5. Caffeine caused a smaller loss of heart gl 3 ’^cogen, with i-eference to the stimu- 
lation of heart rate, than would have been predicted from the effects of thyroid, 
atropine and dulling. This might have resulted from the increased blood pres- 
sure and the coronarj- dilatation characteristic of caffeine medication. 

6. Primary anemia produced a decrease in heart glycogen roughly correlated 
\vith the decline in hemoglobin content of the blood. Cobalt polycythemia 
seemed, to a slight extent, to protect the hyperthyroid heart from loss of its 
glycogen stores. 

7. The decrease in heart glycogen of 19 hyperthyroid rats was participated in 
b 3 ' both the left and right ventricles. Loss by the left ventricle was greater by 
an average of 37 per cent, but the variability of results, due to technical diffi- 
culties, renders this difference not statistical!}' as significant as might be desired. 

It is concluded that the decrease in heart gljmogen by hyperthju-oidism is not 
due to any specific “toxic” influence of the thjuoid hormone. The suggestion is 
tentativel}'’ offered that the glycogenolj'tic action is exerted through a relative 
ischemia caused directty and indirectly by the increased cardiac activity. 
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There is no agreement in the experimental literature or in standard reference 
works in physiology as to what constitutes nonnal human arterial oxygen ten- 
.sion. Douglas and Haldane in 1912 (10) reported tensions ranging from 91 to 
103 mm. Hg (average 97 in 5 expts.) ; their subjects were not breathing room air, 
but 19.54 to 21.78 per cent oxygen. Barcroft (1, 2) published one determination 
in 1921 and another in 1923; the values obtained were 99 and 100 mm. Hg. In 
1930 Bock et al. (6) found noimal arterial pOa to be 63 to 78 mm. Hg in 4 sub- 
jects (average 73). In 1936 Hick (12) recorded tensions of 74 to 88 mm. Hg 
in 9 subjects (average 79) and 6nall3’^ in 1942 Cullen and Cook (9) perfoimed 
25 experiments upon noimal men and obtained arterial oxj’^gen tensions valuing 
from 67 to 79 (average 72). Illustrative of figures listed in current reference 
works are the following: 100 (5), 90 (20), 80 (18), and 72 mm. Hg oxygen ten- 
sion (4).' In addition to these discrepancies it is also variously repoiied that 
the difference between alveolar and arterial oxygen tensions is 1 (1) to 25 (6) 
mm. Hg. 

It therefore seemed of the utmost importance to reini'estigate these two 
problems simultaneousl,y with methods as simple and as accurate as possible. 
The methods used to date in measuring arterial o.xj^gen tension (pOa) have 
varied. Thej'^ include an aerotonometer (1, 2, 12), an improved CO method 
(10), and indirect evidence derived from oxygen dissociation curv'^es (6, 9). We 
have used a direct method based upon the technique of Barcroft and Naga- 
hashi (1), 

Mkthods. Since we believe lhat the chief reasons for the discrepancies noted 
above lie in the methods used for detnimining arterial O2 tension wc arc describ- 
ing our method in detail: 15 ml. of arterial blood is drawn ly brachial arteiy 
puncture into a syringe, the dead space of ^^•hich was prcviousl.y filled \rith 

* A preliminary report of tliese investigations was made before the Philadelphia Physio- 
logical Society on May 16, 1944 (Am. J. Med- Sc. 208: 135, 1944). Since that time an im- 
proved technic has been devised and consequently none of the 13 determinations reported 
at that time lias been included in this report. 

’ The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Rc.scarch, between the Office of Scientific Research and Development and 
the University of Pennsj'lvani.a. Pinancial support was also received from the National 
Committee for Mental Ilygicne from funds granted by the Committee on Research in 
Dementia Preco.v founded bj- the Supreme Council, 33® Scottish Rite, Northern Masonic 
Jurisdiction, U. S. A. 
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heparin. The blood is immediately transferred to a tonometer (fig. lA) con- 
taining mercury and 30 cu. mm. of room or alveolar air; most of the mercury 
is displaced by blood (fig. IB) and the tonometer containing blood, gas and a 
small amount of mercury at atmo.spheric pressure is' then rotated in a water 
bath at 38°C. for 10 min. During tlris period equalization of oxj’-gen tension 
occurs between gas and blood at a pressure very close to the initial blood tension 
(since the ratio of blood volume to gas volume is 500 *. 1) . Boom air was used 
in the preliminary controlled equilibrations in order to determine the length of 
time required to insure equahzation of the tensions; in all other experiments 
alveolar air was used so that equilibration was achieved vnth a minimum of gas 
exchange. At the end of this time, a small glass pipette vith a 2 mm. internal 



Fig. 1. Tonometer and transfer pipette used in analyses (see text). 

A. Tonometer, containing mercury and 20-30 cu. mm. of air or alveolar air, ready for 
transfer of arterial blood from syringe. Mercury leveling bulb not shown. ' 

B. Tonometer after transfer of blood. Stopcocks are then closed, tubing from mercury 
leveling bulb is removed, and the tonometer is then rotated in water bath at 38°C. for 
10 min. 

C. Tonometer with transfer pipette attached. 

Fig. 2. Above ; The gas bubble, trapped between two colunms of mercury, is being trans- 
ferred to the Scholander micro gas analyzer (greatly magnified) . 

Below: The gas bubble, again between two columns of mercury, is ready to be analyzed. 
Note completely water jacketed Scholander micro gas analyzer. 

diameter (fig. 1C) is attached to the tonometer by rubber tubing mth a similar 
bore and the pipette is completely filled with mercury from the tonometer side 
arm. Great care is taken to dislodge any air bubbles which might be trapped 
at the rubber-tonometer or rubber-glass pipette junctions. The gas bubble is 
then transferred to the pipette from the tonometer, and more mercury is run 
into the pipette from the side aim; the gas bubble to be analyzed is thus trapped 
in the glass transfer pipette betiveen two columns of mercury. The pipette 
tubing is then clamped and the pipette removed from the tonometer. Since 
the gas bubble usually becomes a fine froth during the equihbration, the last 
few millimeters of the pipette tubing is moistened with a very small amount of 
caprylic alcohol before the transfer is begun; in this w^ay, clean gas bubbles 
free from contamination with blood are obtained. 
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The gas bubble is then transferred to a completely ivater jacketed Scholander 
micro gas analyzer (21) (fig. 2) and the oxygen percentage determined. The 


arterial pOa is calculated according to the formula pOa 


(B-47) X % Oa 
100 


(It ivas found unnecessaiy to estimate total gas tension in the gas bubble since 
it proved to be equal to atmospheric pressure when equilibration was carried 
out with normal arterial blood. If pOa measurements were made upon venous 
blood or upon arterial blood -with low pOa due to pulmonaiy pathology mth 
failure of diffusion, an error would be introduced unless total tensions were 
first measured.) We have been unable to duplicate Scholander’s results for 
COa analyses, our figures always being lower than expected when microanalyses 
were perfomied upon samples of gas preidously analyzed in the Haldane appa- 
ratus; consequents^ a small correction must be made for shrinkage in the initial 
gas volume due to loss of CO2 through the manometer fluid of the microanalyzer. 
In the time required for the initial reading of total volume, shrinkage of the 
bubble occurs when the gas is a COe-air mixture but no change occurs when the 
gas is a 12 to 14 per cent O2 in 88 to 86 per cent N2 mixture; consequently the 
assumption that the shrinkage of the gas bubble is entirely due to CO2 loss is 
justified. This correction is made as follows: The PO2 found is multiplied by 
100 per cent less the difference between the subject’s alveolar CO2 per cent and 
the CO2 per cent measured b}'^ the Scholander analyzer. 

Scholander’s technique has been modified also in respect to the solutions used; 
we employed X/1 KOH for CO2 absorption, sodium hydrosulfite-sodium anthra- 
quinone beta sulfonate (10:1) 2.2 grams in 10 cc. of N/1 KOH for O2 absorption, 
N/1 H2SO4 as wash solution and 18 per cent lSra2S04 in 2 per cent Tergitol 
as the manometer fluid (the vapor tensions of these solutions vary less than 1 
mm. Hg as measured in the '^’'an Slyke manometric apparatus). 

In table 1 are presented data .shonlng the accurac}^ of the method as described 
for deteimining p02 in room air, in low oxygen mix-tures and in gas bubbles 
equilibrated irith bloods of known gas tensions. (The latter were prepared by 
equilibrating 25 ml. of lilood nith 1100 ml. of a known gas mixture (Haldane 
analysis) in a tonometer for 60 min.) It can be seen that blood PO2 in 
this range may be measured by this direct method far more accurately than 
by indirect methods; the average of 11 determinations was —0.2 mm. Hg and 
the standard delation was 2.7 mm. Hg. 

Alveolar air samples were obtained at the end of inspiration and at the end of 
expiration by hartng the subject exhale rapidly and forcefully through a tube 4 
feet long and 1 inch in diameter; samples were collected in a Bailey bottle at- 
tached to a .side aim close to the mouth piece. Analyses were performed in the 
Haldane-Henderson apparatus. 

A complete e.xperiment was performed as follows: The subject lay in the 
semi-recumbent position in bed for 15 minutes. The sldn and tissue overlying 
the bracliial arterj' were infiltrated -vrith 0.5 per cent procaine. An end- 
inspiratorv’ alveolar air sample was collected. The arterial blood sample was 
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collected immediately thercaftcv; in no instance did the subject feel the needle 
enter the arterj'. Since no pull was exerted upon the plunger of the syringe, a 
period of about 1-2 minutes was required for collection of the blood sample; 
during the last 10 seconds of the collection an end-expiratoiy alveolar air sample 
was obtained. In some instances two or three end-inspiratory and end-expira- 
tory samples were obtained. Subject 7 was unable to give satisfactory alveolar 
air samples. 

Results. Measurements have been made upon 13 healthy medical and pre- 
medical students between the ages of 17 and 24; all were male except subject 
no. 2. The average arterial pOa was 97.1 and the average alveolar end-expira- 

X TABLE 1 


Acmracy of method in analyses of room air, of low oxygen mixtures, and of gases cguilibralcd 

with blood of known gas tensions 


A 

ROOM AIR (pOa « 159.0) \ 

n 

LOW 0; MIXTURES 

C 

ULOOD EQUILIURATIONS 

pO: 


Actual pOj 
(Haldane) 

P02 

(ScholaiKicr) 

Error 

Actual pOj 
(Haldane) 

pOa 

(Scholiindcr) 

Error 

■ 15S.6 

-0.4 

ra 

HI 

-1.0 

112.0 

IHISBI 

4.5 

160.6 

1.6 


ESI 

-0.5 

118.7 


-2.7 

. 15S.3 

-0.7 

110.2 


-0.4 

118.7 


-2.2 

160.0 

1.0 

110.2 

109.7 

-0.5 

116.5 


-3.0 

158. 1 

-0.9 

110.2 

109.9 

-0.3 

119.2 

^^B 1 w^^B 

0.2 

158. 4 

-0.6 

110.2 

111.4 

1.2 

103.5 


-0.9 

158.5 

-0.5 

110.2 

112.0 

,1.8 

103.5 

99.5 

-4.0 

159.0 

0.0 

110.2 

109.7 

-0.5 

84.0 

84.3 

0.3 



110.2 

110.3 

0.1 

90.2 

92.9 

2.7 

Average 

-0.1 

110.2 

109.5 

-0.7 

88.4 

90.6 

2.2 



110.2 

111.0 

O.S 

88. 1 

89.4 

1.3 



108.6 

109.6 

1.0 



— 



108.6 

IIO.G 

2.0 


Average 

-0.2 



108.6 

108.6 

0.0 


Standard 

2.7 



108.6 

110.4 

1.8 


deviation 





Average 

0.3 





tory pOo was 97.4 mm. Hg; in 5 subjects the arterial and alveolar pOj differed 
by less than 1 mm. Hg (table 2) . It is apparent upon the basis of these measure- 
ments that no difference exists between the p02 of “end-eXpiratory” alveolar air 
and arterial blood. It is also important to note that the variations in arterial 
blood pO" were less than those in alveolar air: 93-100.6 for the former and SG.2- ■ 
104.4 for the latter. It appears that the arterial pOo determinations are actually 
more accurate and consistent than alveolar air determinations. This may be 
ascribed to two reasons: 1, the arterial blood collections require no co-operation' 
upon the part of the subject while the alveolar air collections involve a high 
degree of co-ordination, tiining and co-operation by the subject. 2. Since each 
blood sample was collected over a period of 1 to 2 minutes, dt represented the 
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average pOs to which it had been exposed in the kings during 10 to 30 inspira- 
tions and expirations; the alveolar air sample, on the other hand, represented 
only a spot determination during tliis period. 

The end-inspiratory alveolar pOa figures are included for the sake of complete- 
ness though it must be pointed out that these too are spot samples and are not 
representative of alveolar air but rather samples containing the maximum pOa 
to which the venous blood is exposed during an}’- respiratoiy cycle. Neither do 
the averages of end-inspiratory and end-expiratoiy samples represent a true 
average alveolar air since the peak of inspiration occupies a veiy small fraction of 
the total respii’ator}’- cycle. In the absence of an integration of the inspiratory 
and expiratory cuiwes, it is highly probable that end-expiratoiy samples come 
close.st to being “average” alveolar air .samples under resting conditions. 

TABLE 2 


Comparison of oxygen tension in arterial blood and alveolar air in normal human resting 

subjects 


SUBJECT 

1 

ART. pOi ' 

ABV'EOLAR pQs 

END. EXP. 

ALVEOLAR pOa 

END. INSP. 

AVERAGE END. EXP. 
END. INSP. 

1) W.K. 

95.1 

95.5 

99.2 

97.3 

2) 1M.D. 

100.1 

104.4 

112.3 

108.3 

3) W.P. 

95.7 

95.8 

99.5 

97.6 

4) J.K. 

98.1 ! 

86.2 

105.4 

95.8 

5) R.j. ; 

! 96.0 

92.8 

106.1 

99.4 

6) A.P. 

97.5 

97.1 

105.3 

101.2 

7) II.A.J. 

100,1 




8) D.F. 

96.4 

94.3 

103.1 

98.7 

9) J.A. j 

93.0 

101.7 

99.4 

100.5 

10) d.:m. i 

93.5 i 

98.6 

105.2 

101.9 

11) B.R. 

100.6 

101.3 

99.4 

100.3 

12) I.P. 

96.8 

101.6 

100.9 

101.2 

13) W.D. 

99.5 ; 

99.8 

105.2 

102.5 

Average 

97,1 

97.4 

103.4 

100.4 


Discussion. Neither the CO method of Haldane (10), nor the aerotonometer 
teclmique of Barcroft (1) has been used to any degree duiing the past 20 years. 
Instead reliance has been placed on indirect determinations. These involve 
measurements of o.xygen saturation and pH of arterial blood, and then reading 
the pO; from the oxj’-gen di.ssociation cur\’-e of human blood. It cannot be too 
strongly emphasized hmvever than this method is wholly unsatisfactory when 
the O 2 saturation is between 92 and 98 per cent (the flat portion of the O 2 dis- 
sociation cuive), A consideration of two of the most carefully constructed O 2 
dissociation cun’cs in the literature will illustrate tliis point (7). The blood of 
A.V.B. equilibrated with 70 mm. pOa was 94.5 per cent saturated, equilibrated 
with 80 mm. pOa it was 96 per cent saturated, equilibrated vith 90 mm. pOj 
it was 97.0 per cent saturated and equilibrated with 100 mm. pOa it was 98 per 
cent saturated. Similar figures were recorded for G.S.A. : at 70 mm. PO 2 95.5 
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per cent saturation, at 80 inm. pOs 97 per cent saturation, at 90 mni. pOs 97.5 
per cent saturation and at 100 nun. p02 98 per cent saturation. Thus a change 
in ox3’'gen tension from 70 to 100 mm. Hg will increase the O2 saturation only 
from Ol.S to 98 per cent or from 95.5 per cent to 98 per cent. Since duplicate 
determinations of O2 saturation (by experienced technicians, using the Van 
Slyke-Neil method' (22)) may vary 0.5 to 1.2 per cent, it is evident that the 
computation of arteiial pOo by reading from the flat portion of the ox5’'gen dis- 
sociation curve maj’- involve an erxor of as much as 20 mm. Hg. This error 
may be increased when the oxygen dissociation curve used is one constructed 
from blood of a subject other than the one whose tension is being calculated. 

Furtheiinore it has recentty been shown by Boothb3^ (8) (using the oximeter), 
bj^ Roughton et al. (19) (bj’’ an analj’^sis of the errors inherent in determinations 
of O2 saturation by the Van Slyke-Neil method) and b}’- Drabkhi et al. (11) (using 
a spectrophotometric technique) that normal human arterial blood is about 
97.5 to 98.5 per cent saturated with oxygen rather than 94 to 96 per cent. 

The errors involved in computing arterial p02 from the flat portion of the dis- 
sociation cuiwe and those inherent in the actual gasometric analyses for O2 
saturation are probably responsible in great part for the low arterial oxj’-gen ten- 
sions obtained by most investigators.® If normal arterial O2 saturation figures 
of 97.5 to 98.5 per cent be accepted as correct (8) (19) (11), then reference to 
dissociation curves of A.V.B. and G.S.A. (7) shows that the expected arterial p02 
would be 100 mm. Hg. Our average figure is 97.1 mm. Hg. 

Our data indicate also that there is practically no difference between “end- 
expiratory” alveolar air and arterial blood oxj’-gen tensions, j’^et, as has already 
been noted, many investigators report differences ranging from 1 to 25 mm. Hg. 
These differences occur chieflj’- in studies upon subjects breathmg room air at 
sea level. Vdien the problem has been investigated at liigh altitudes or in indi- 
viduals breatliing low ox^'^gen mixtures (2, 6) little or no difference between 
alveolar and arterial tensions has been noted. Such results can be explained 
largely on a basis similar to that outlined above: when the oxj'-gen saturation 
is below 90 per cent (due to breathing air vdth a low oxygen tension) the slope 
of the O2 dissociation curve is steep and a large change in O2 saturation is brought 
about bjT- a small change in PO2; consequent^ estimates of arterial pOa from the 
O2 dissociation curve (after arterial O2 saturation and pH have been measured) 
are accurate in these lower ranges though liiglrl}’ unsatisfactoiy in the normal 
range. 

It should also be emphasized that our average figure for arterial pOo of 97.1 
mm. Hg applies only to the conditions of our experiments — resting, semi-recum- 
bent noimal subjects between the ages of 17-24. Conditions wliich increase the 

® The low arterial PO 2 reported by Hick (12) (using an aerotonoineter and a ICrogh 
niicroanalyzer) can be explained only on the assumption that experimental errors occurred; 
this is probable since subject C (12, p. 586), having an arterial saturation of 94 per cent 
and an arterial pOs of 87 mm. Hg while breathing room air, maintained an arterial pOj 
of S7 mm. Hg even when inhaling a mixture low enough in O 2 to reduce his saturation to 
78 per cent. 
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depth of respiration mil obviously increase the arterial p02 and conditions vdiich 
decrease the depth of breathing mil decrease the arterial p02. It thus becomes 
apparent that a “normal” arterial tension cannot be an absolute figure but de- 
pends upon the conditions of the experiment. In similar fashion differences 
between alveolar and arterial oxygen tensions must be critically examined, with 
particular emphasis on the degree and efficiency of respiratory acthit}^ of the 
subject and upon the time of collection of alveolar air samples. Thus Krogh 
(15) using an accurate aerotonometer, found that the arterial pOa of rabbits Avas 
5 to 25 mm. Hg lower than the alveolar PO2; in the light of our present experi- 
ments, this difference was probably due in large part to the anesthetic used with 
consequent hypoventilation, atelectasis or inhalation of respirator}’- tract secre- 
tions. Likemse Berggren (3), emplo3dng the polarographic method of deter- 
mining arterial pOo in bloods of subjects breathing 100 per cent O2, found that 
there was an aA’erage difference of 41 mm. pO^ (between alveolar air and aiiierial 
blood) in 9 patients confined to bed as compared mth 11 mm. in amliulatoiy 
subjects; the prolonged stay in the supine position had probably produced a mild 
degree of atelectasis. 

Our expeiiments indicate that the O2 consumption of ivhole heparinized human 
blood (e.xposed to a small gas bubble with an average p02 of 97.1 mm. at 38®C for 
10 min.) must be very slight. Krogh, working upon blood equilibrated for 1 
minute came to a similar conclusion (16) ;he found that rapidly flowing Iflood had 
the same p02 as that trapped in a glass tonometer for 1 minute. Otheis have ob- ^ 
served that the O2 consumption of blood is very slight over short periods (17) 
In several instances, we equilibrated a second bubble of gas with the same arterial 
blood immediately after the first 10 minute equilibration and were unable to 
detect any significant difference in the two p02 determinations. 

CONCaiUSIONS 

1. Using a direct method of measuring arterial O2 tensions in 13 normal young 
adults at rest in the semi-recumbent position, an average figure of 97.1 mm. Hg 
was obtained. 

2. Simultaneous!}' collected alveolar air samples revealed an average p02 
of 97.4 mm. Hg in end-expirator}’- samples. 

3. There is no difference between alveolar and arterial p02 in healthy resting 
subjects at sea level. 

4. The errors involved in preAious measurements are discussed. 
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The oxygen capacitj' of blood is usually obtained by rotating a fei^' cubic centi- 
meters ttith air for about 15 minutes in a closed vessel of about 25 to 50 times the 
volume, and then analyzing the oxygen content of the equilibrated sample by the 
customarj'- Van Slyke technique (1). Diwsion of the oxygen capacity into the 
oxj’^gen content of blood dravn direct from the artery (or vein), as also measured 
gasometrically, gives the percentage saturation of the hemoglobin of the blood 
vith oxygen. The oxygen pressure (pOs) corresponding to the measured per- 
centage saturation (per cent OaHb) can then be read off from the dissociation 
cun*e of the blood, if tliis is known. Table 1 summarises the results on the 
per cent 02Hb of normal human arterial blood at sea level as given by several 
recent groups of observers. The average figure for the per cent OaHb is close 
to 95 in each case, and the corresponding figm’e for the arterial pOs is about 80 
mm. Hg. The latter value is about 20 mm. below the average value for the 
alveolar p02 at sea level, this being usually given as 100 mm. 

When breathing low oxj’gen pressures, e.g., at altitudes of 10,000 feet or over, 
this difference between alveolar and arterial p02 tends to disappear, the two 
figures usually agreeing to vithin i 4 mm. In such cases, as table 2 indicates, 
the determination of p02 from the dissociation cunm and the per cent 02Hb is 
much more accurate, since the steep rather than the flat part of the curve is in 
use in the calculation. The difference of o.xygen pressure (ApOo) between al- 
veolar and arterial blood at sea level is, however, outside even themuch larger 
experimental error met with on the flat part of the dissociation curve. There 
has consequently been much speculation as to the cause of the difference. Sev- 
eral possible factors have been advanced to explain why the arteilal OaHb at 
sea level is 2.0 to 2.5 per cent lower than would be expected if complete equilib- 
rium vith the alveolar air had been obtained. (Table 2 shows that above 10,000 
feet an error of 2 per cent O^Hb could only cause an error of 2.5 mm. in p02.) 
These factors may be listed as follows: 

1. Incomplete pulmonary oxygenation of part of the blood owing either to 
unequal ventilation of different parts of the lung (Haldane, 5) or to by-passing 
of the venous blood anastomoses or foramina Thebesii (Haldane, 5 ; Krogh, 6) . 

2. 0.x3^gen consumption in the lungs or in the blood duiing the time taken to 
pass from the pulmonain' vein to the .sj'stemic arteiy (Pfliiger, 7). 

3. Possibility that the pH of the red cells maj' be more acid at the moment 
when the blood leaves the lung capillaries than the final value after withdrawal 
from the sj’stemic arteiy (Dill et ah, 8). 

70S 
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4. The final stages of the chemical reaction of oxygen with hemoglobin in the 
red cell may be too slow for equilibrium to be reached during the time spent by 
the blood in the lung capillary (Roughton, 9; Bock et ah, 10). 

Whilst factor 1 is certainly important in abnormal conditions, there is no con- 
Auncing evidence as to its significance in normal men. Factor 2 seems to have 
been eliminated by the control experiments of Barcroft et al. (11). As regards 
factor 3, physico-chemical theory indicates that if anything the pH of the red 
cells should bb more alkaline in the lung capillaries than its final equihbrium 
vdue, since CO 2 must be lost relatively more rapidly from the red cells than from 
the plasma owing to the carbonic anhydrase and the hemoglobin-carbamino re- 
action only occurring in the foimer and not in the latter. The rapid reaction 


TABLE 1 

Values of arterial % OfHh at sea level in normal men 


1 

OBSER\'ERS 

NUMBER or 
CASES 

SPREAD 

MEAN 

Harvard Fatigue Laboratory (2) 

154 

93-98 

95.8 

Keys & Snell (3) 

87 

93-98 


Cullen & Cook (4) 

23 

93.5-96.5 

94.9 




95.2 


TABLE 2 


Error in calculation of arterial pOa corresponding to an error of 1% OfHh at various altitudes 


ALTITUDE 

AVERAGE % OlHb ! 

ERROR IN PO2' 

Jecl 

i 

mm. 


75 

1.0 


80 

1.0 

12,000 

85 

1.2 

8,000 

90 

3.0 

sea level 

95 

7.0 

sea level 

97 

14.0 


velocity experiments of Roughton et al. (12, 13) on the rate of passage of ox 3 '-gen 
in and out of the red cells in vitro make it unlikety that factor 4 is important. 

A further more general observation maj’’ also be made. On anj' of these ex- 
planations it should follow that the arterial pOo as detei’mined direct^ by the 
aerotonometer bubble method should also be 20 mm. below' the alveolar p 02 . 
The results of Barcroft and Nagahashi (14), however, show that such is not the 
case, the average A pOo given bj' their method (3 cases) being onlj'- 1 to 3 mm. 
vSome quite other form of explanation of the discrepancj^ must therefore be 
sought. 

The possibility occurred to us that instead of the O 2 content of the arterial 
blood, as drawm directty from the vessel, being 2 to 3 per cent too low^, the O 2 
capacitv of the blood as customarilj’- detennined might be 2 to 3 per cent higher 
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than its value in the arterial circulating blood. Such a state of affairs v'ould 
equally lead to a calculation of arterial per cent 02 Hb lower by 2 to 3 per cent 
than its tme value in wo. The first source of such an effect that we thought of 
arose from the work of Ammundsen (15) and others (16), wliich showed that 
the carbon monoxide combining capacity of human blood after treatment vith 
NaiSeO^ is about 3 per cent higher than the carbon monoxide combining capacity 
without such treatment. The difference is attributed to the presence of 
methemoglobin and/or other compounds containing iron in the ferric form. 
If such traces of methemoglobin, or similar compounds, slowly revert to ordinary 
hemoglobin after withdrawal from the bodj’- (such reversion is well knoivn to 
occur quite fast in the case of blood containing appreciable methemoglobin; see 
17, 18), then an in vitro augmentation of the oxygen capacity wmuld occur. As 
a matter of fact in gasometric determinations of arterial per cent OjHb it is 
usual to analyze the 0® content of the arterial sample immediately after with- 
draw’al from the vessel, and only to determine the O 2 capacity at some indefinite 
time later. 

The experiments to be described below not only confiim the results of Am- 
raundsen (15) but also give fair e^ddence that about one-half of this initially 
inactive hemoglobin does revert to Oa-combining hemoglobin on standing in 
^4t^o. Detailed analysis has, how'ever, brought to light tw^o other factors also 
tending to raise the 0" capacity in %dtro above its value in wo. These 
factors are: 

1. Rotation and drainage of blood in the saturating vessel is found to lead to 

a slight increase in concentration of the red cells, owing to the plasma sticking 
preferentiallj’- to the w^alls of the glass vessel and draining down less readily than 
the red cells, ' 

2. In the case of blood containing appreciable amounts of CO, as in that of 
smokers, rotation with air may lead to a just significant replacement of COHb 
by 02 Hb especially if the temperature and illumination of the rotating vessel are 
high and if the ratio of the volume of air to that of the blood is great. 

The demonstration of these effects has required certain modifications of the 
customaiy Van Slyke gasometric methods. These wall be described first in the 
e.xpeiimental section of the paper. 

Experimental gasometric methods. Human heparinized blood was used 
in all the experiments. 

Oxygen content of blood. This was deteimined by the usual gasometric pro- 
cedure of Van Slyke (1). 

Oxygen capacity of blood. 1. Bj-- 15 minutes’ rotation of a few culiic centi- 
meters blood in a closed vessel of volume 25 to 50 times greater; the vessel is 
then stood up, the cork removed, 1 cc. blood removed by pipette and its oxygen 
content measured in the constant volume Van Slyke apparatus in the usual way. 

2. By a modification of the Sendroy method (19) of carrj-ing out the whole 
capacit}’’ deteiminations in the Van Slyke apparatus. The reagents are the 
same as those used by Sendroy save that the saline solution is saturated with 
o-xygen at one atmosphere and stored in a burette, and the fem'ev.nnide-sanonin 
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solution is deaerated in a tonometer and thence transferred anaerobically without 
foam to a burette Avhere it is stored without any oil layer on top. The details 
of the procedure are as follows; 

Two drops of caprylic alcohol and 1 cc. of Oa-saline are admitted into the Van 
Slyke chamber, and 1 cc. of the blood is then delivered into the Van Slyke cup, 
from which it is run into the chamber and washed in vith 5 cc. of Oo-saline. 
The contents are mixed in the chamber, the excess of dissolved O 2 being sufficient 
to saturate the hemoglobin at once provided the latter was at least half -saturated 
at the start (this is always so vdth arterial samples: "with very reduced venous 
samples 3 cc. extra of the saline could be used) . The mixed solution is lowered 
till the mercury-blood meniscus is at the 50 cc. mark, the top tap being left open 
so that air at atmospheric pressure enters. After two minutes’ shaldng the air is 
quantitatively expelled and 0.24 cc. of the deaerated ferricyanide saponin added. 
The chamber is evacuated, the gases liberated and the CO 2 and Oo absorbed in 
the manner desciibed by Sendro 3 L To calculate the O 2 capacity, subtract from 
the O 2 pressure (p 2 — pi) the c factor (usually 0.7 mm.) and the factor for the 
pressure of dissolved O 2 (= half the factor on the right hand scale of figure 
49 of Peters and Van Slyke, Vol. II, p. 340). 

Carho7i monoxide content of blood. The procedure is mainlj’’ that of Horvath' 
and Roughton (20) with certain modifications, the most important of which is 
the device described below for evading the “c” correction, the magnitude of 
which has been found to be somewhat variable. The other changes are in (a) 
the acid ferric 3 ’'anide solution which now consists of a mixture of four parts of 
32 per cent K 3 Fe(CN)G mth one part of acetate buffer made from 70 
grams NaC 2 H 302 , 3 H 2 O, 100 grams water and 15 cc. glacial acetic acid; (b) the 
substitution of 1.5 cc. of 4 per cent NaOH for 1.0 cc. of 10 per cent NaOH as 
absorbent of the liljerated CO 2 . ^ The weaker NaOH solution causes less bubbling 
when added to the l3lood-ferric3'^anide mixture. 

After the pi reading has been taken (= CO -h a trace of N 2 ) a few cubic centi- 
meters of 30 per cent NaCl are placed in the Van Slyke cup and the gas in the Van 
Slyke chamber compressed nearly to atmospheric pressure, so that onl 3 ’- a small 
bubble remains at the top. The bore of the Van Slyke cup and the leads are 
cleared of mercury by running in a few drops of the NaCl solution, and either 
the whole or an aliquot portion of the gas bubble is forced up into the cup of an 
inverted Scholander-Roughton syringe (21), which has been premously filled 
with 30 per cent NaCl solution. For further details of this procedure see Ap- 
pendix II of reference (21). 

The length of the bubble before (= Li) and after (= L 2 ) absorption vith 
Winkler’s solution is carefully measured in the capillar 3 ’- of the S 3 a’inge, the 
residual trace of No being very accurately obtained thereby. 

The CO content then = (pi — po) X ^ X the usual temperature factor 

XjI 

where p 2 the final Van Slyke reading after complete extrusion of all gas. With 
2 cc. blood samples the experimental error is of the order of ± 0.01 vol. per cent 
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if the blood CO content is less than 2.0 vol. per cent. At higher contents the 
error increases rouglilj’- in proportion to the content, 

Carhon monoxide capadiy of blood with hydrosulfiie (= total gasometric pigment 
of blood ) . The reagents required are the same as in the modified Horvath-Rough- 
ton method (v. supra), \Tith the addition of a stock of distilled water saturated 
'vvith CO at about one atmosphere and stored in a 100 cc. burette. The pro- 
cedure is then as follows: 

Five drops of capiylic alcohol are admitted in the Van Sl 3 ^ke chamber, and 1.5 
cc. of 1 per cent saponin are placed in the cup. One cubic centimeter of the 
blood is introduced into the chamber in the usual way, followed by all the saponin. 
The two solutions are mixed in the chamber, and one minute is allowed for com- 
plete laking- Two cubic centimeters of hydrosulfite-borate are placed in the 
cup and 1.5 cc. admitted and mixed vdth the blood solution. After one minute 
. for complete reduction of the OoHb 18 cc. of the CO-water are introduced, the 
top sealed and the solutions in the chamber completeh’- mixed. The merenry is 
lowered to the 50 cc. mark, the chamber covered vith black paper and shaken in 
the dark for two minutes. The extracted gas is quantitative!}’’ e.xpelled and the 
process then repeated. Three cubic centimeters of the deaerated acid-ferri- 
ej'anide solution are then placed in the cup, the lower 2 cc. admitted and the 
mixture evacuated and shaken five minutes. The CO 2 is then absorbed b}' means 
of 1.5 cc. deaerated 10 per cent NaOH, the pi reading taken, and the extracted 
gas analj'sed for residual as described under measurement of CO content. 

The CO capacity then = (pi — P 2 ) X 1.02 X X the usual temperature 

factor. 

The figure 1.02 in this equation allows for the CO ime.xtracted from the large 
volume of solution (i.e., 22 cc.) in the chamber. 

Carbon monoxide capadty vnthoul hydrosulfite. The procedure is the same 
as above, save that the hydrosulfite is omitted from the borate solution. Al- 
ternatively the CO capacity may be obtained by adding the CO-content of the 
blood to the O 2 capacity (modified Sendroy). 

Experimental results. Constancy of total gasometric pigment. Table 3 
shows, in the case of four normal men, the course of the total CO capacit}’’ of the 
blood (with Xa 2 S 204 ) after drawing and storage for various times in closed vessels. 
In the first three eases the value clearly remains constant, ivhilst in the fourth 
the value immediately after withdrawing is 0.22 vol. per cent below the mean 
obtained later, but this discrepanc}’’ is scarcety outside expeiimental error. It 
maj' be concluded that the total gasometric pigment is a constant characteristic 
of the blood for at least .six hours, prodded the blood is corked in a vessel which 
it fills almost completeh'. 

On the other hand rotation of small amounts of blood in closed vessels of rela- 
tivel}’’ large gas volume (25-.50 times greater) leads, as stated in the introduction, 
to an increase in the total gasometric pigment. Since tliis finding is fundamental 
to the technique of other results to be given later, it will be convenient to describe 
at the outset the evidence on which it is based. 
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Effect of rotation in tonometer on gas-comhining capacity of hlood. The first 
exiDeriments which led us to suspect this effect happened to be done at 37®C. 
inth a gas volume to blood volume value of about 60 to 1. 

It will be seen from table 4 that after the tonometer rotation the total gaso- 
metric pigment is increased on the average by 0.3 vol. per cent, i.e., by 1.5 per 


TABLE 3 

Course of total gasometric 'pigment with time 


STHIJECT 

! TIME AFTER DRAWING 

CO + HYDROSnlPHlTE 


/rrj. 

vols. % 

J. W. 

0 

19.85' 



2f 

19.90; 

'19.80 


1 

19.75 


6 

19.74, 


' W. R. 

0 

20.39' 



21- 

20.31 

^20.38 


51 - 

20.44, 


W. W. 

0 

21.78' 



2 

21.85 

'21.86 


41 

21.92 

i 

51 

21.90, 


R. N. 

0 

19.75] 


1 

11 

,20.03 

'19.97 


3f 

20.00 


61 

19.89] 



TABLE 4 


Effect of rotation in tonometer at S7°C. on total gasometric pigment 


SUBJECT 

TOTAL CO CABACITV IK VOLS. % ! 

%IKCEEASE 

Before rotation | 

After rotaOon 

R. D. 


18.75 

1.1 

E. T. 


19.04 

0.8 

D. D. 

17.99 

18.26 

1.5 

H. B. 

21.00 

21.52 

2.5 

M. C. ’ 

■19.87 i 

20.04 

0.8 - 

A. B. 

20.98 ! 

21.48 

2.4 

Average j 

1.5% 




cent of its initial value. That there is a parallel increase in the Os capacifr^ is 
shown by a similar set of exiieriments in which the Os capacity bj’ the modified 
Sendroy method increased an average of 2.0 per cent. In these experiments al- 
lowance was made by inter- or extra-polation for slow rises in the Os capacity 
with time (sec later). 

We also have an equal amount of data wth the tonometer rotation at room 
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temperature (25°C.), but here the effects were smaller, not on account of the 
lower temperature, but because much smaller gas/blood ratios happened to have 
been used. The importance of this last factor suggested that the cause of the 
obseiwed effect lay in a separation of red cells and plasma during the drainage of 
the tonometer, the rc.sidual drainage films on the walls thereof containing rela- 
tivelj' more plasma than red cells. The smaller the total blood volume used, the 
larger wiU be the proportion of “plasma-rich” dregs left on the tonometer wall, 
and therefore the greater the hemo-concentration in the blood which drains to 
the bottom of the tonometer and is drawn off for analysis. 

The correctness of this \’iew-point was established bj’’ experiments on the quan- 
tity and composition of the dregs. The procedure is as follows: 

1. A tonometer of volume 280 cc. is weighed diy = Wi grams. 

2. Eight to 16 cc. blood are introduced, the tonometer corked and weiglied 
again = lYj grams. Volume of blood = (Wo — '\Yi)/specific gra\nty of blood. 

3. The tonometer is rotated 15 minutes, stood verticall}’’ and a blood sample 
removed for analysis as usual. 


TABLE 5 

Difference in composition of drained blood and “dregs" after saturation of blood in tonometer 

2S0 cc. tonometer used throughout 


VOL. BLOOD 

VOL. DREGS 1 

i 

[ 1 

t TOTAL CO CAPAcrry {vols, %) \ 

CORRECTION 

VOL. TONOil- 

eter/vol, 

BLOOD 

/ 

Blood 

Dregs 

A 

CC, j 

CC, 



% 

% 


15.90 

0.25 

. 18.08 

15.75 

16 

0.25 1 

17 

1,3.80 

1 0.26 

20.89 

16.89 

19 

0.36 

20 

14.00 

0.40 

22.97 

19.62 

14 

0.40 

20 

7.70 ! 

0.29 

21.56 

17.32 

19 

0.70 

36 


4. As much as possible of the drained blood is sucked off, the tonometer corked 
and weighed again = Wz grams. Volume of dregs = (W3 — Wi)/specifie 
gravit}’. 

5. The di'egs are completely leached out with five to six dosages of 3 cc. CO- 
saturated water. All these leachings are delivered into the Van Slyke apparatus 
and their total botmd CO measured. Dirision of the latter by the volume of 
the dregs gives the CO capacity of the latter. 

The results of four such e.xperiments are shown in table 5. The fifth column 
in table 5, headed A, indicates the percentage by which the capacity of the dregs 
falls below that of the drained blood. The next column (“correction”) ^ves the 
calculated amount by which the capacity of the drained blood e.xceeds that of the 
truly mixed blood. Thus in the case of the first sample 

The correction = 100 X [1 - (15.90 X 18.6S -f 0.25 X 15.75)/(15,90 + 0.25) (18.68)] 
= 0.25 per cent 

The magnitude of the correction increases, as would be expected, as the ratio 
of tonometer volume to blood volume is increased. Thus with the latter at 36 
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to 1 the correction amounts to 0.70 per cent. Ordinarily in O 2 capacity deter- 
minations blood is rotated in a tonometer of 25 to 50 times its volume (1), and 
the O 2 capacity must therefore, on this account, be 0.5 to 1.0 per cent liigher than 
the tme value of the mixed blood; and at 60 to 1 would amount to 1.2 per cent, 
which may be compared vdth the figure of 1.5 per cent given in table 4. 

Total nitrogen determinations on the drained blood and the dregs gave con- 
fiimatoiy results, though the effects observed ivere somewhat smaller. 

To avoid the uncertainty caused by this drainage error, most of the 02-capacity 
estimations given in the next section were done, not by the classical method of 
saturating the blood in a tonometer, but by the modified Sendroy method in the 
Van Slyke apparatus. That the two methods agree, when the drainage error is 
equalized, is shown by the results given in table 6. In this table, the second 
column represents the O 2 content of the blood, as collected in the ordinary way 

TABLE 6 


Comparison of classical O 2 capacity method {drainage error equalized) with, modified Sendroy • 

method 



0: CAPACITY (VOLS. %) 


SUBJECT 



% DIEFEEENCE 

Classical method 

Modified Sendroy method 

B. D. 

'17.82 

17.64 

-1.0 

R. D. 

17.65 

18.25 

-|-3.3 

B. D. 

18.86 

18.47 

-2.1 

H. B. 

21.28 

20.88 

-1.9 

E. T. 

18.32 

18.02 

-1.6 

M. C. 

18.74 

18.95 

-fl.2 

B. D. 

17.98 

18.06 

4-0.5 

B. D. 

17.77 

18.03 

-1-1.4 

AvRvn.fTf^ ' 

0.0 



from the tonometer after saturation and then transferred to the V an Slyke ap- 
paratus for direct O 2 estimation. In the third column, the same blood after 
transfer from the tonometer to the Van Slyke apparatus is submitted to the 
whole of the modified Sendroy procedure, instead of having its O 2 at once 
hberated by ferricyanide, as in the results of the second column. The average 
difference between the results given in the second and third columns is seen to 
be zero. 

Difference between CO-capacity with Na^SzOi {total gasometric pigment) and CO- 
capacity without Na2S20i. In bo^dne blood, Ta 3 dor and Gorell (16) find that the 
'kCO capacity vrith NaaS 204 averages about 5.0 per cent higher than the O 2 capacity, 
or about 4.0 per cent higher than the CO capacity without Na 2 S 204 assuming a 
blanlc CO content of 0.2 vol. per cent. In an extensive series of tests on 53 
normal human bloods, Ammundsen (15) finds an average excess of 3.0 per cent. 
Her figures show a rather wide scatter (0-10 per cent) both for different indi- 
\dduals and for the same individual at different times. Our results are sum- 
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marized in table 7, and agree veiy satisfactorily -nith those of Ammundsen, both 
as regards the general average and as regards the results on particular indivdduals, 
which likewise show'^ the marked variations at different times. 

The scatter of our figures (0.7 per cent to 5.0 per cent) however, is less than 
half those of Ammundsen. This improvement is probably in part due to more 
accurate gasometric technique, and in part due to the determination of the CO 
capacity wiihout Na 2 S 204 usually being done within a few minutes after with- 
drawal, thus reducing the uncertainty arising from the factor of time after with- 
drawal (this does not enter in the case of the CO capacity with Most 

TABLE 7 

Excess of CO capacity with NaiSiOi over CO capacity without NaiSsOt expressed as percentage 

of latter 


SUBJECT 1 

ODSEBVATION'S 

MEAN 

E. T. 

4.1, 2.7, 3.5, 1.9, 3.3, 3.0 

3.1 

II. D. 

3.3, 2.5, 1.9, 4.6, 1.7 

2.8 

H. B. 

2.9, 2.4, 5.0, 0.7 

2.8 

M. C. 

2.9, 4.6, 1.5 

3.0 

M. G. 

4.1, 1.8 

3.0 

Others 

1.8, 2.2, 1.4, 1.5, 4.8 

2.3 

General average of 26 tests 

2.8% 


TABLE 8 

Changes in capacity of blood after drawing 

SUBJECT ■ 

% INCREASE IK CAEAary ON STANDt.NG 

iCEAK 

E. T. 

2.2, 1.7, 0, 1.1 

1.3 

R. D. 

0.3, 4.0, 3.7, 4.5, 4.0, 1.7, 0.7, 2.0 

2.6 

H. B. 

1.2, 0.1, 2.3, 0.8 

1.1 

M. G. 

0.0, 1.1, 1.7 

0.9 

Others 

4.5, 2.2, 1.7, 1.5,0.0, 1J,^8, 0^3, -^4, -1^4 

1.0 

0 

General average 

1.5% 


Average of later (underlined) results 

1.1% 


of the above results were obtained with venous blood, but in a few' cases aiierial 
blood w'as also used without any significant difference. 

Changes in the Oe-cornbining capacity of blood with lime. Some 25 comparisons 
have been made of the O 2 capacity' of noimal human blood (modified Sendroy. 
method) within a few minutes after drawing from the vein or arteiy, with the 
O 2 capacity of the same blood after storage in closed vessels for varjing periods 
up to 24 houi-s. The relevant data are given in table 8. In the majority of 
cases a .slight increase, ranging from 1 per cent to 4.5 per cent, w'as observed 
within an hour after drawing, after which no detectable change occurred. In 
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ten . cases the increase was positive iiut l^s than the experimental error (1 per 
cent), and in two cases a veiy small negative effect was observed. In one case 
a significant increase did not occur till after a latent period of 2 hours. Five 
parallel obseiwations on the course of the CO capacity luWiout Na2S204 showed 
average effects of the same degree: in all but one of these the final plateau value 
was vitliin experimental error, equal to the CO capacity with Na2S204 which 
remained constant throughout. In these four particular cases the reversion of 
inactive hemoglobin to gas combining hemoglobin was apparently'’ complete: 
this, however, is exceptional. 

The underlined figures in table 8 are more reliable, since they represent the 
means of . analyses by two independent obser\^ers and were obtained at a later 
and more accurate stage of the research. The average of the latter (1.1 per 
cent) is somewhat lower than that of the general average (1.5 per cent), but we 
believe it to be a safer measure of the true effect which is thus one-half or less 
of the average difference between CO capacity’’ with and without Na2S204. Al- 
though the magnitude of the effect is uncomfortably’’ close to the limits of the 
experimental error, the fact that it is positive in all but two out of 30 tests makes 
us feel that it must be significant. 

It would, of course, be far preferable to have a demonstrati6n of the effect 
wliich does not depend on a small difference between two large quantities. If 
the change in question were a reversion from methemoglobin to hemoglobin, 
it would be veiy difficult to demonstrate optically’’ if the quantities involved were 
only of the order of 1 to 2 per cent of the total pigment: if the inactive pigment 
resembles hemoglobin much more closely’’ in optical properties than does 
methemoglobin, the problem would be still more difficult, if not impossible. A 
more promising line of approach would be to devise a continuous gasometric 
method of following the time-course of the gas combining capacity’ of a given 
sample of blood. Some preliminary* experiments of tliis land have already been 
done, and will be continued if other work permits. 

Effect of traces of carboxyhcmoglohin on oxygen-capacity of blood. The blood 
of smokers usually* contains an average of about 1.0 vol. per cent of CO, which 
is equal to 5 per cent of the gas combining capacity* of the blood. It was of 
interest to test whether the usual method of saturating the blood with air in a 
tonometer leads to an appreciable decrease in the CO bound to the hemoglobin, 
with an equh’alent increase in the O2 so bound. In three such cases it was 
found that there was a definite loss of CO amounting on the average to 0.08 vol. 
per cent per hour. In the usual 15 minutes this would indicate a gain of only’ 
0.1 per cent in the oxy’gcn combining capacity*. This is only* a second order 
effect but is in the same direction as the two larger effects previously found. At 
3S°C. the loss of CO was about four times greater than at 25®C. It would be 
expected that if the films of blood happened to be strongly* illuminated during 
rotation, the loss of CO would be enhanced owing to the photochemical effect of 
light on the dissociation of COHb: this has not been directly verified. 

Discussion. Three factoi-s have been shown to cause the oxy’gen capacity* of 
blood, as determined by* the usu.al method of saturation with air in a tonometer, 
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to be greater than its presumed value in w'O before ^vithdra^val from aideiy or 
vein. Two of these factors, viz., the effect of drainage in the tonometer and the 
loss of CO during rotation vath air, depend on the ratio of the volume 
of tonometer to the volume of blood, and have therefore been somewhat incon- 
stant in pre\dous work. Under average conditions they have probably amounted 
to about 0.8 per cent of the total capacity. The tliird factor, viz., reversion of 
some of the 3 per cent (average figure) inactive fraction of hemoglobin estab- 
lished to be present in normal human blood by Ammundsen (15) and ourselves, 
varies in^an unpredictable manner, but on the average amounts to 1.1-1 ,5 per 
cent. The total sum of the thi'ee effects would be e.xpected to be about 2 per cent, 
which would raise the average figures for the per cent OjHb in arterial blood 
from 95 to 97 at sea level. The latter figure is in close accord vith the average 
value of 98 per cent OaHb, as reported recently by Drabkin and Schmidt (22). 
These authors’ detei-minations were made by spectrophotometric technique on 
normal human arterial blood vithin minutes of withdrawal from the blood vessel. 
The p02 corresponding to 97 per cent OgHb is 98 mm., if read off from a standard 
dissociation curv'^e: this value is very close to the average figure for the alveolar 
pOa of normal man at sea level. We believe that the previously claimed differ- 
ences of 20 mm. Hg betw^een alveolar air and arterial blood at sea level are in 
exTor, through inattention to these three factors. In \iew of the difficulty of 
allowing for these factors satisfactorily in given instances, it seems doubtful 
W'hether the continued use of the dissociation curve for determining arteiial 
pOa at sea level is desirable: this caution does not, however, applj’- to experiments 
at altitude, where the percent OaHb is below* 85, since in this range an uncertainty 
of 2 per cent OjHb only affects the determination of pOa to the extent of 2 to 3 
mm. For sea level deteiminations of ai’terial pOa it would seem that wider use 
should be made of aerotonometer methods as developed bj’’ Barcroft and 
Nagaha.slii (14) and recently by Comroe (23) who, with new and improved tech- 
nique, has obtained an average pOa in normal human arterial blood of 97.1 mm. 

Another point of possible practical importance arises fx’om the fact that coloii- 
metric methods of estimating hemoglobin are usually standardized against the 
combining capacity as determined gasometrically. If an accui'acy better than 
2 to 3 per cent is desired attention should be paid to the effects recorded in this 
paper. 

The 3 per cent excess of the CO capacity with ]Sra2S204 over the CO capacity 
without ^328204 may be compared with the 5 per cent excess found bj’- Klumpp 
(24) and others, of the total Fe content of the blood over the Fe content of the 
active hemoglobin of the blood, as calculated from the CO capacity without 
Na2S204. Only a very small part of the latter 5 per cent excess is due to plasma 
Fe: most of the remainder thus appears to consist of iron in feriic fox-m (e.g., 
methemoglobin, hematin) which, after reduction with Na2S204, is capable of 
combining with CO. Tliat some of this remainder is probablj'- methemoglobin 
is indicated not only by the results of table 8, but also by tlie known reversibility 
of the hcmoglobin-mcthemoglobin redox .sj^stem and its relationship to the 
naturally occurring reducing substances of the blood, e.g., glucose and lactate 
(see 17, 18 for references to pi'evious woi*k). 
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All the results reported in this paper are on normal human blood. It would be 
interesting to extend them to varied conditions, e.g., to polycj'themia resulting 
from high altitude acclimatization to polycythemia vera, to anemia and to 
idiopathic cyanosis. In one case of the latter condition two years ago, which 
we TOsh to record here as there has been no previous opportunity of publishing 
the results we found the follomng curious figures; 

1. By blood gasometric anal 3 ’-sis — O 2 capacity 15.4 vols. per cent, CO content 
0.4 vol. per cent, CO capacity* without Na2S204 22.4 vols. per cent, CO capacity 
vith ]Sra2S204 25.3 vols. per cent. — ^Difference of two CO capacities = 
2.9 vols. per cent. 

•2. By Evel3m photoelectric analysis — sulfhemoglobin none, methemoglobin 
2.5 Amis, per cent, total hemoglobin as cjmnmethemoglobin 19 Amis, per cent. 
3. Total pigment b}’- conAmrsion to alkaline hematin 22.8 Amis, per cent. 

The most remarkable features of this case are the large differences between the 
CO capacity and the O 2 capacit5’', and the indication of the presence of some 
compound capable of combining A^'ith CO but AAothout showing the optical prop- 
erties of hemoglobin or hematin. This type of case obATOusty calls for further 
inAmstigation. 

SUMMARY 

1. Ammundsen’s finding thatJ addition of Na 2 S 204 to noi^al human blood 
raises the CO combining capacity by 3 per cent on the average is confirmed, thus 
indicating that 3 per cent of the pigment is inactive as regards gas combining 
power. 

2. The oxygen capacit3'' of arterial blood, as obtained by 15 minutes’ saturation 
AAith air in a tonometer followed b3'' analysis in the Van Slyke-Neil manometric 
apparatus, is considered to be about 2 per cent liigher than the Amlue in the blood 
at the moment of ANuthdi-aAval from the vessel. Tluee factors contribute to this 
discrepancy; 

a. Drainage errors in the saturator; these cause the blood sample removed 
for analysis to be unduly rich in red cells (aAmrage effect equals about 
0.7 per cent). 

b. Gradual reversion of some of the inacthm pigment to the acthm gas com- 
bining form. This effect is Amiy A'ariable, but on the average equals 1.0 to 
1.5 per cent of the total capacit3>’. Owing to the smallness of the effect, the 
nature of the inacthm, rcAmrting pigment has not been established. It may 
be in part methemoglobin. 

c. Presence of traces of COHb in the blood. 

3. Correction for these factors raises the aAmrage per cent 02Hb of normal men 
at sea le\ml from 95 to 97 ; the arterial p02, as calculated from these figures and 
the blood dissociation cuives, comes out to 100 mm., in agreement Avith the al- 
Amolar p02, rather than to the average figure of 80 mm. given in recent papers. 
The latter figure is believed to be false. 

4. The calculation of arterial p02 from arterial per cent 02Hb and the dissocia- 

tion curve should onl3’- be used AA'hen the per cent O^Hb does not exceed 85, e.g., 
at altitudes aboAm 10,000 feet: at lower altitudes the arterial pOo should be de- 
termined aerotonometricall3\ ' ■ 
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Eailier studies have demonstrated tiiat interesting and important circulatory 
changes accompany excessively prolongctl or severe expiratory activities such as 
crying, coughing and straining (1, 2, 3, d, 5). Circulatory changes vould also 
be expected to accomi)any execs, sivcly prolonged or severe inspiratory act.s such 
as dying gasps, yawns and sighs. Yet, none are de.9ci’ibcfl in the current litera- 
ture and textbooks (6, 7, 8, 0). Jt is interesting that Stephen Hales in 1733 (10) 
obseired that deep sighing and rc-spiratoiy efforts of dying maras increased sys- 
tematic arterial prassure. He believed the greater motion of the lungs caused 
the blood to pass more freely and in greater tjuantity to the left, heart. 

The observations reported in the pre,scnl. st.udj’^ arc limited ])rincipally to the 
effects of normal respiration, deep breathing and dying ga-sps, since yawns and 
sighs could not be induced experimentally in dogs. However, the data have 
allowed appreciation of the hemodynamic changes induced by sighs and yanms. 

Mkthods. Morphine sulfate, 5 mgm. per kgm., was administered subcutane- 
ously 30 minutes prior to the experiments. All operative i)rocedurc.s were 
accomplished with the aid of local infiltrations of 1 per cent ]n-ocainc hydro- 
cliloride. In those experiments where it was neccssaiy to enter tlie chest, the 
appropriate intercostal nerves were blocked. 

Changes in the prc.ssure relationships bet-wcen the thoracic; and abdominal 
cavities were measured since thej' modify venous retui'n from the abdominal 
reservoirs to the right heart. Balloons fa.stened to leaden tubes and inserted into 
the abdominal and thoracic cavities were connect, cd to a differential manometer 
(4) so that the intrathoracic jircssurc was subt.ractcd from the abdominal pres- 
sure. This differential pressure has been called the abdominal thoracic pressure 
gradient. Changes in this gi'adient modify venous return to the right heart and 
can result from unequal increases or decreases in the intrathoracic or intra-ab- 
dominal pressures. When it was umieccssary to enter f,ho chest, the balloons 
were inserted through the mouth and into the esophagus or stomach. Long 
balloons only partially filled were used since they tend to dissipate pressure 
changes from the activity of the alimentary canal (11) but register the changes 
transmitted to them from the intrapleural space and abdominal cavity. These 

1 The work described in this paper was done under a contract, recommended b 3 ' the 
Committee on Medical Rcsearcli, between the Office of Fcienlific Research and Develop- 
ment and the University of Georgia School of Medicine. 

- Now at Division of Pharmacology, University of California Medical School, San 
Francisco. 
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esophageal and gastric pressures were considered to change in parallel with 
thoracic and abdominal pressures. 

Hollow sounds constructed from stainless steel tubing G 12 to 16 and adapted 
to the size of the animal were connected to other optical manometers and were 



Fig. 1. Diagram showing method of recording gross -pressures and net pressures in xinanes- 
thetized animals -with closed chests. Hollow stainless steel sounds were inserted in the left and 
right ventricles and balloons were placed in the thoracic and abdominal cavities. 

The net pressure is the actual effective pressure and is the gross pressure in the structure 
or organ minus the pressure acting on the outside of that structure or organ (1). 

Manometer A records the left ventricular pressure (L.V.). 

Manometer B records the net left ventricular pressure (NetL.V.) which is the ventricular 
pressure minus the thoracic pressure acting on the outside of the ventricle. Increases in 
the thoracic pressure may increase the left ventricular pressure but it also compresses the 
coronary vessels. Therefore the thoracic pressure must be subtracted from the systemic 
arterial pressure in order to evaluate the effective net pressure to the coronaries. This was 
accomplished by means of the differential manometer B where the left ventricular pressure 
is led to the back of the manometer and the thoracic pressure is led to the front chamber of 
the manometer. 

Manometer D records the right ventricular pressure (B.V.). 

Manometer E records the net right ventricular pressure (Net R.V.). This is the right 
ventricular pressure minus the thoracic pressure acting on the outside of the ventricle. 
Increases in the thoracic pressure may increase the right ventricular pressure but this is a 
mere passive ri.se since it also increases the pressure on the outside of the pulmonary vessels. 
Therefore the thoracic pressure must be subtracted from the pulmonary arterial pressure 
in order to evaluate the effective net pressures in the pulmonary circulation. This was 
accomplished bj' means of the differential manometer E in a manner similar to that 
described above for manometer B. 

Mammetcr C records the abdominal thoracic pressure gradient (A-T). This is the 
abdominal pressure minus the thoracic pressure and is the effective net pressure which 
facilitates or hinders blood flow from the abdominal venous reservoir (inferior vena cava 
and portal system) to the right heart. Increases in the abdominal pressures effectively 
increase blood flow to the right heart only when a corresponding rise in thoracic pressure 
does not occur. 

The tube “T” from the balloonin the thorax is also connected to the front chamber of the 
manometer E, see *. 

inserted 1 , douTi the left carotid and into the left ventricle, and 2, down the 
right external jugular and into the right ventricle. Saline infused through these 
sounds at the rate of about 1 cc. per minute reduced the danger of obstruction by- 
coagulation. This made it po.ssible to obtain continuous simultaneous pres.sure 
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records from the left and right ventricles in the closed chest. Both gross and net 
ventricular pressures were obtained. The gross pressures were obtained with 
simple manometers (1)^ as commonly measured from the ventricular cavities 
and show both active and passive changes. The net ventricular pressm-es are Uie 
gross pressures minus the intrathoracic pressure and were obtained with differ- 
ential manometers (4) where the ventricular pressures were led to the rear cham- 
bers and the intrathoracic pressure was led to the front chambers of the manom- 
eters in the usual manner, see figure 1. These net ventricular pressures show 
only active changes and are the pressures actually distending the heart cavities. 
They are the effective blood pressures to the blood vessels and organs within the 
thorax. The net left ventricular systolic pressure can be considered equivalent 
to the net coronary systolic pressure. The net right ventricular systolic pressure 
be can considered equivalent to the net pulmonaiy arterial systolic pressure. In 
addition to the net coronary systolic and the net pulmonary arterial S 3 'stolic pres- 
sures, when necessary to determine net pulmonary venous and net inferior vena- 
cava pressures, they can be obtained from such records by considering the follow- 
ing as equivalents : the net right ventricular diastolic pressure is equivalent to the 
net inferior vena cava pressure; the net left ventricular diastolic pressure is 
equivalent to the net pulmonary venous pressure. 

Similar methods (1), supplied measurements of the gross and net systemic ar- 
terial pressure to the centi-al nervous S 3 ’’stem. The gross systemic arterial pres- 
sm’e acts to push blood to organs including the brain and spinal cord. The pres- 
sure mthin the craniospinal cavity acts to hinder blood inflow. Therefore, the 
effective arterial pressum to the central nervous system is the arterial pressure 
minus the cerebrospinal fluid pressure. This effective pressure has been called 
the net arterial pressure to the brain and spinal cord and has been calculated 
from simultaneous measurements of the arterial pressures and cerebrospinal fluid 
pressures. The cerebrospinal fluid pressure was recorded from no. 18 or no, 20 G 
'needles inserted in three animals into the subarachnoid space in the region of 
the first or second lumbar vertebra. 

Acute cardiac arrest was produced by electricallj’' induced ventricular fibrilla- 
tion. In four dogs the electrodes were placed upon the ventricles while inserting 
the thoracic balloons. The chest was then closed and the pneumothorax was 
reduced. In two other animals where the chest was not opened an insulated 
sound vdth the end serving as the stimulating electrode was introduced down 
the external jugular into the right ventricle. An indifferent electrode was placed 
upon the skin over the heart. The various gz-oss and net pressures were then 
recorded while stimuli were applied to the ventricle using two batteries and a 
Harvard Inductorium at full strength. 

Results and discussion. First the effects of normal respiration wll be 
described. As shown in figure 2A, normal inspiration (arrow) lowers the thoracic 
pressiue and increases the abdominal thoracic pressure gradient which increases 
venous return to the heart from the portal system and the inferior vena cava. 
During inspiration the net right ventricular pressure pulses show a higher pulse 
pressure and a peak with a wider plateau, see second and third NR pressure 
pulses of figure 2A. These changes indicate a larger and more prolonged cffec- 
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tive ejection period without anj’’ appreciable change in the duration of systole. 
These changes are interpreted as characteristic of an increased right cardiac out- 
put secondary to an increased filling ivith insph’ation, 

■\^Tien ventricular fibrillation was induced vdth strong tetanizing electrical 
stimuli applied directl}'- to the heai’t in the closed chest, respirator 3 ’- activity con- 
tinued for several minutes after effective cardiac action had ceased. The deep 
forceful natural breathing (see fig. 2B) produced significant changes in the blood 
pressure and circulated blood. During inspirations (arrows), the abdominal 
thoracic pressure gradient is increased; the gross right i^entricular prassures re- 
turned toward zero; but the effective not right ventricular pressure (NR) in- 
creased. As shown in figure 2B, it reached values between 25 and 30 mm. Hg 
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Fig. 2. Reproduction of pressure pulses from dog, from above downwards: abdonaina 
thoracic pressure gradient (A.-T.), thoracic (T), left ventricular (L), net left ventricular 
{N.L.), right ventricular (It) and net right ventricular (N.R.)- Time line is interrupted at 
two second intervals. Pressure scales are shown in units of 25 mm. Hg in all c.xcept that 
of the thoracic cavity where units arc + 10 and — 10 from zero. 

A. Normal tracings. 

B. Tracings obtained one minute after induction of ventricular fibrillation and when the 
heart is not pumping any blood. 

C. Tracings obtained one minute later during a dying gasp. 

which were appro.ximately equal to those produced bj- the right ventricle when 
it was contracting (fig, 2A). Simultaneous!}’' these deep respirator}^ efforts 
produced only .small changes in the effective net left ventricular pre-ssures (NL). 
It can be concluded from these data that repeated deep forceful breathing, even 
in the presence of complete cardiac arrest, repeatedly increased venous return to 
the right ventricle and to the pulmonary vessels while moving a smaller quantity 
of blood from the pulmonaiy vessels on into the left ventricle. This also means 
that deep forceful breathing in the presence of cardiac failure can contribute to 
pulmonar}’’ engorgement b}' transfen'ing blood from the abdominal venous 
reseiwoirs to the pulmonar}’' vessels. 

.'Since sighs and yawn.s are modified deep breaths they also should increase 
^'enous return to the right heart. It has been obsen-ed b}^ one of the authors 
that small children when asleep will usually yawn if they are lifted into an upright 
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position. Sometimes tlie yawn would occur repeatedly eacli time they were 
changed to an upright position. This ya^\^l could be ph^'^siologically required to 
increase air exchange or to increase venous retm-n. There is no reason to expect 
any real need of increased air exchange. However, it is conceivable that a 
sudden change to an upright position in an individual whoso muscles are relaxed 
would retard venous return sufficiently so that a mechanism to increase venous 
return operates. 

A yaAMi to be truly satisfying frequently is accompanied by a stretch. When 
present the stretch not only contributes to venous return but also, like the d 3 dng 
gasp, tends to divert blood to the heart and central nervous S 3 ''stem. 

Circulatoiy changes are pronounced during djdng gasps. The effective net 
right ventricular pressure is elevated to values as high as 50 mm. Hg (see fig. 2C). 
The pulmonary vessels become so engorged that blood is pushed through to the 
left ventricle and elevates the effective net pressure in that chamber to 30 to 
50 mm. Hg. 

These dying gasps not only increase venous return but they cause significant 
coronary blood flow. Blood is pushed or diverted into the coronary vessels as a 
result of the extensive skeletal muscle activity and the elevated abdominal pres- 
sure, both of which squeeze blood vessels and increase peripheral resistance. 
Simultaneously the intrathoracic pressure is reduced so that peripheral resistance 
in the coronary vessels is lowered while the effective net coronary arterial pressure 
is elevated. 

In similar experiments net cerebrospinal arterial pressmes of 20 to 40 mm. Hg 
were produced by djdng gasps. Therefore blood flow to the central nervous system 
is also accomplished b 3 ^ dying gasps. The mechanisms responsible for blood 
flow to the central nervous system were only slightly less effective than those 
described above which produced coronary flow, since dying gasps lower the cere- 
brospinal fluid pressure onb^ slightly less than they lower the intrathoracic pres- 
sure. This is due to the fact that the cerebrospinal fluid pressure is influenced 
by the algebraic sum of the intrathoracic and abdominal pressure, though un- 
published data indicate that it follows the intrathoracic pressure more closel 3 '' 
than it follows the abdominal pressure (12). 

These gasps produce air exchange and move blood to the vital areas, whereas 
mechanical resuscitators provide air exchange but do not cause any significant 
blood flow to the vital areas (13). 

Cases have been encountered (12, 14) where patients apparently dead and 
without an 3 ’- evidence of heart action have again developed palpable pulse and 
audible heart contractions immediate^ after making dying gasps. Similar ob- 
servations have probably been passed off with the remark “I must have been 
iwong when I failed to observe any pulse the fii'st time.” It is conceivable how- 
ever that the blood pumping action of the dying gasps contributed to the return 
of effective cardiac contractions. 

SUMMARY AND CONCLUSIONS 

Gross and net, left and right ventricular pressures are recorded from dogs vuth- 
out operative entrance into the chest by means of hollow sounds inserted dovm 
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the left carotid into the left ventricle and dovoi the light jugular into the right 
ventricle. 

, Normal inspiration increases venous return to the right heart and produces 
contour changes characteristic of larger and more prolonged effective ejection 
without significantly changhig the duration of S 3 ^stole. 

Dying gasps, deep breathing, yaivns and sighs which are generally considered 
as respiratory acts, markedlj'- increase venous retui-n. In the presence of cardiac 
arrest, dying gasps pump blood through the lungs and temporarilj^ provide blood 
flow to the vital areas, the central neiwous S 3 ''stem and heart. Effective net 
pressure as great as 50 mm. Hg in the pulmonaiy arteiy, 50 mm. Hg in the coro- 
nary arteries and 40 mm. Hg in the central nervous S 3 ’'stem arteries were created 
by dying gasps in dogs where cardiac action had ceased. 
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Numerous hematological studies have been made of normal yoimg women 
(1,2, 3, 4, 5). 

Osgood (3) summarized available data from the literature and reported the 
mean hemoglobin concentration of 369 women from the United States and 
Northern Europe to be 13.9 grams per 100 cc. blood. Average of erythrocyte 
counts for the same series was 4.85 million cells per cmm. and cell volume 41.8 
per cent. Recent studies (1, 4, 6) have reported concentrations of hemoglobin 
ranging from 10.0 to 14.7 grams per 100 cc. blood of young women of the North 
Central States as against 12.0 to 16.0 grams recorded earlier as a result of work 
done on either coast (3, 7), oral the altitude of Denver (8). Red blood counts 
and erythrocyte volumes were found to be correspondingly loAver in the North 
Central States. The possibility of a generalized low hemoglobin concentration 
existing among women living in the Plains states cannot be ignored and, if it 
exists, requires interpretation, particularly with respect to the assessment of 
nutritional status, since a hemoglobin lower than existing standards quite gen- 
erally is accepted by the medical profession as a measure of a reduced physical 
reserve. However, refinements of technique and differences in sampling methods 
also could explain recorded results and, before sweeping conclusions can be 
di-avTi, more adequate measures of populations are desirable, particularly where 
hematological studies can be correlated vdth indices of nutritional status. 

The workers in the North Central States studjdng the nutritional status of 
college women have determined the hemoglobin concentrations, erythrocyte 
counts and cell volumes of the bloods of a large sample of college women. This 
paper presents hematological data on 4,550 women. Material is included from 
the nutritional laboratories of Iowa State College, Kansas State College, Uni- 

^ Approved for publication by tbe advisory committee as paper no. 24 of the Regional 
Project of the North Central States Relating to the Nutritional Status of College Women. 

- With the assistance of Virginia IMinnich, Katherine Davis Widness, Peggy Rehm 
(deceased, February 1941), Anne Barman Caldwell, Agnes Leith Nordin. Journal Paper 
no. J-1206 of the Iowa Agricultural Experiment Station, Ames. Project 638. 

® Contribution no. 122, Department of Home Economics, Kansas Agricultural Experi- 
ment Station. 

* Paper no. 2167, Scientific Journal series. University of Minnesota. 

® Approved for Publication by the Director of the Nebraska Agricultural Experiment 
Station as paper no. 258, Journal Series. 

® Approved for publication by the Oklahoma Agricultural Experiment Station. 

‘ With the assistance of Jane Meiller and Lola Amidon Hill. Published with the 
approval of the Director of the Wisconsin Agricultural Experiment Station. 
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versity of Minnesota, University of Nebraska, Oklahoma Agricultural and 
Mechanical College and Univemity of Wisconsin, 

Materials and methods. The data reported herein Avere accumulated from 
September, 1935, through May, 1943. College women from 16 to 30 years of age 
were subjects for the investigation. More than 90 per cent of the group were 
from 17 to 24 years of age. Students Avere draAAni from all college classes, many 
of them serAung as experimental subjects for two to four j'-ears. Students on 
Avhom tests Avere made a second and third j’-ear haA'e been considered as neAA" 
indmduals for each school year of study. At loAA^a State College studies of 
hemoglobin concentration only AA^ere made on each entering cla-ss of Avomen from 
1937 through 1941, inclusive, and at the University of Nebraska, hemoglobin 
concentration only AA'as studied. 

One of the objectives of the AV'ork Avas to measure the incidence and distribu- 
tion of loAv hemoglobin concentrations among essentiall}'’ noimal young AA^omen. 
Although certain measures of physical status AV'ere obtained on a large proportion * 
of the subjects studied, no effort AA'as made to screen the sample on Avhich this 
report is based. The fact that each student Avas carrjdng an active college pro- 
gram precluded the presence of severe debilitating disease, and macrocytic ane- 
mias are rarely found in tliis age group (9). 

Comparable techniques for determination of the blood values were used by the 
co-operating laboratories, and measuring instraments for all tests AA'ere calibrated 
by the United States Bureau of Standards. Table 1 records the methods used 
for the determination of hemoglobin. For red cell counts, tAA'O trenner pipette.s 
AA'ere used and tAA'o counting chambers of the improved Neubauer counting instru- 
ment AA'cre filled from each pipette and 80 small squares counted from each 
chamber, a total of four counts for each blood sample. If, after inspection for 
equality of distribution of cells, a chamber AA'as accepted for counting, the result 
AA'as recorded and the aA'erage of four counts AA'as taken as the number of er^dhro- 
cj'tes per cmm. of blood for the individual, regardless of agreement betAA'een 
chambers. Magath, Berkson and Hum (10) have shoAA'n the improbability of 
duplicating .successive counts on the indiA'idual and that an attempt to select 
counts agreeing AA'itliin any fixed range Adolates the principle of random sampling 
on AA'hich the test is based. Cell A'olume Avas determined by means of the Van 
Allen tube (11). Duplicate tests AA-erc made using heparin as the anti- 
coagulant (12). 

Results and discussion. The distribution of all tests of hemoglobin con- 
centration, red cell count and cell A'oIume is recorded in figures 1, 2 and 3. Tabic 
2 gives the data for each school AA-ith the mean, .standard deviation and standard 
error for each series of tests. Preliminary examination of the records indicated 
that there Avere no age dilTcrcnces in the results. 

The series tested at each school are presented .separately since some A'ariation 
betAveen schools AA'as found. Mean hemoglobin concentrations per 100 cc. of 
blood liy slates Avere as foiloAvs; loAA'a 13 . 4 , Kan.sas 13 . 4 , Minnesota 13 , 0 , 
Nebraska 13 . 3 , Oklahoma 13.5 and Wisconsin 13,7 gnims. In general, the 
erythrocyte counts and the cell A'olumes fnlloAA-ed the A-ariations in the hemo- 
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^globin. Minnesota women 'VN'ith a low mean' hemoglobin concentration of 13.0 
grams per 100 cc. blood have an average red count of only 4.23 million cells per 
cmm., while the highest average hemoglobin concentration recorded (T^^isconsin 
13.7 grams) was associated vith the highest red cell count, 4.75 million. - Mean 
hemoglobin for the entire series was 13.4 grams per 100 cc. blood, er^dhrocsdes 
4,56 million cells per cmm. and cell volume 40.9 per cent. Estimations of vari- 
abilit 5 '‘ of both the individual samples and the means are comparable since stand- 

i 

TABLE 1 


Experimental methods and plajis used for determination of the concentration of 

hemoglobin 


STATE 

COKDITIOXS UNDER SAMPLE 

SOURCE OP 

DETAIL or HEMOGLOBIN TEST 

WAS TAKEN 

BLOOD 

Chemical method 

j Reading instrument 

Iowa 

Blood drawn between 8 a.m. and 
noon. Light breakfast 

Capillarj"^ 

Acid 

hematin 

(13) 

Duboscq color- 
"imeter* 
Electro-scop- 
ometer 

Kansas 

As above 

/ 

Capillary 

• 

1 

Acid 

hematin 

(13) 

Duboscq color- 
imeter* 

^Minnesota 

! 

Blood drawn under basal condi- 
tions 

Capillary 

Acid 

hematin 

(13) 

Duboscq color- 
imeter* 

Nebraska 

Blood drawn between 8 a.m. and ^ 
noon. Light breakfast 

Venous 

Oxyhemo- 
globin (14) 

Sheard Sanford 
photometer 

Oldahoma 

Blood drawn between 8 a.m. and 
noon. Light breakfast 

Capillary 

i 

Acid 

hematin 

(13) 

Duboscq color- 
imeter* 

Wisconsin 


1 

Capillary 

Acid 

hematin 

(13) 

Duboscq color- 
imeter* 


* Equipped with permanent Newcomber glass standard and blue filter. All reading 
instruments were standardized by oxygen capacity studies (15) . 


ard deviations ranged from 0.89 to 1.24 grams hemoglobin per 100 cc. blood and 
standard errors from 0.022 to 0.074. Measures of the variability of the red 
counts and the tests for cell volume were of similar magnitude. It is note- 
worthy that the lowest mean concentration of hemoglobin and also the lowest 
standard deviation were found at the University of Minnesota where basal con- 
ditions were maintained. 

Seventy-two per cent of all hemoglobin tests fell within the mean plus or minus 
one standard deviation or between 12.2 and 14.6 gi-ams per 100 cc. blood. Like- 
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wise, 71 per cent of all eiythrocyte counts and 70 per cent of all cell volume tests 
were found vdthin a range limited by the respecth'e means plus or minus one 
standard deviation. Thus more than two-thii-ds of the red cell counts were be- 
tween 4.18 and 4.95 million cells per cmm. whereas the comparable range of cell 
volume tests was from 38.3 to 43.5 per cent. 
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Fig. 1 Fig. 2 Fig, 3 

Fig. 1. Distribution of 4550 hemoglobin tests. 

Fig. 2. Distribution of 1792 red cell counts. 

Fig. 3. Distribution of 1398 tests of erj’throcyte volume. 


TABLE 2 


Hemoglobin concentrations, red cell counts and cell volumes of college tvomen of the 

north central states 


«iTATE 

m:iroGr.oBr?; 

?,E0 CELE COlWT 

CELL VOLUitE ^ 

No. 1 
cases 1 

Mean 

5 

Sx 

Ko. 

cases 

Mean 

5 

Sx 

JCo. 

cases 

Mean 

S 

Sx 

Iowa 

2934 ! 

13.4 

1.18 

0.022 

804 

4.64 

0.39 

0,014 

602 

41.4 

2.28 

0.093 

Kan.sas 

340 * 

13.4 

1.16 

0.063 

349 

4.66 

0.28 

0.015 

224 

42.2 

2.17 

0.145 

Minnesota. . 

292 j 

13.0 

0.89 

0.052 

292 

4.23 

0.31 

0.018 

292 

39.0 

2.25 

0.132 

Xebraska. . . 

44.5 ! 

13.3 

1.04 

0.045 









Oklahoma . . 

' 284 j 

13.3 

1.24 

0.074 

284 

4.54 

0.34 

0.020 

280 

40.2 

2.90 

0.173 

"WiEConsin , . 

225 1 

i 

13.7 

1.11 

0.068 

63 

4.75 

0.42 

0.053 






4550 j 

13.4 

1.16 

0.017 

1792 

4.66 

0.38 

0.009 

1398 

40.9 

2.63 

0.070 


Maximum ranges of variation for each of the three tests reported in this paper 
are: hemoglobin, 8.5 to 17.5 gi-ams per 100 ce. blood, eiythrocyte count 3.11 to 
5,91 million cells per cmm., and cell volume 32.0 to 48.1 per cent. The series 
here reported is much larger than any preAuously recorded and the ranges found 
for eiythroc 3 'tes and total cell volume are no gi-eater than tho.?e for hemoglobin 
.since, in each case, the mean plus or minus two standard de\-iations measures 
a range 17, 13 and 17 per cent of the respective means. That the measure.s should 
j-icld similar degj-ees of variation is to be expected since the physiological rela- 
tion.ship of the tests is obvious. However, these figures .suggest that if only one 
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measure of the normalcj’" of the red blood cell system is to be obtained, the er 3 '-thro- 
cjde count may be subject to less sampling variation than either of the other 
two tests. 

In all schools variations in the yearl}’’ samples from each state were at least as 
wide as the variations between states. Mean hemoglobin concentrations for a 
seven year period are recorded in table 3. In each case red cell counts and 

TABLE 3 

Yearly variations in hemogloiin concentration of college women from six states 


STATE 


or 

STUDY 

Iowa 

Kansas 

Minnesota 

Nebraska ! 

Oklahoma ! 

Wisconsin 


No. Hb., gm. per 

No. Hb., gm. 

No. Hb., gm. 

No.Hb., gm. per 

No.Hb., gm. 

No. Hb., gm. 


100 cc. 

per 100 cc. 

per 100 cc. 

100 cc. 

1 

per 100 cc. 

per 100 cc. 

1936-37 

177 12.5d=1.14 


41 13.1 



99 14.2 







±1.02 

1937-38 

525 13.0 ±0.86 

88 13.2 

37 13.4 

12 12.3 


69 13.7 



±1.25 

±0.69 



±1.13 

1938-39 

365 13.9 ±0.85 

54 14.0 

19 13.0 

11 13.8 

48 13.0 

28 13.5 



±1.24 ! 

j 


±1.50 

±0.78 

1939-40 

524 12.5 ±0.08 



19 13.2 

11 13.9 






116t 13.2 ±1.11 



1940-41 

574 14.0 ±1.17 



20 13.2 ' 



1 




63f 13.3 ±0.94 



1941-42 ! 

529 13.9 ±1.04 



39 12.8 ±1.12 



1942-43 




50 13.3 ±0.89 





j 


lOlt 13.0 ±0.85 



Entire 

2694 13.4 ±1.18 

142 13.5 

97 13.1 

431 13.3 ±1.04 

59 13.2 

196 13.9 

series 


±1.30 

±0.89 


±1.15 

±1.14 


* The date in each case represents the school year which extended from September 
through May. Except in the case of Nebraska and Wisconsin, the first observation on the 
entering student was used, in the two latter states, the first contact with the student is that 
reported but the student was not necessarily a freshman. , 

t Students from Union College, Lincoln, Nebraska. 
t Students from Nebraska Wesleyan College. 

erythrocyte volumes varied in the same dh’ection but are omitted for economj’- 
of space. 

SUMMARY AND CONCLUSIONS 

Studies of hemoglobin concentrations, erythrocyte counts and cell volume 
tests are presented on young women from six colleges and universities located in 
the North Central States. The mean hemoglobin concentration was 13.4 grams 
per 100 cc. blood vith a standard error of 0.017. Mean erjdihrocyte count was 
4.56 ± 0.009 milhon cells per cmm. and mean cell volume was 40.0 d= 
0.07 per cent. 

It may be concluded that normal standards for hemoglobin concentration, 
red cell counts and cell volmnes must be interpreted as a range of values which 
is wider than the ranges recorded by earlier studies. 
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Adaptation to low atmospheric pressure is largely- regulated by the length 
of exposure and atmospheric pressure. Individual differences are observed 
wliich are still not well understood. In consequence, in the study of a given 
response to a condition of anoxia it is essential to take into account both of 
these modifjdng factors before general conclusions are reached, some of which 
may appear to conflict with results obtained in previous and apparently similar 
investigations. 

Among the various mechanisms of adaptation investigated those related to 
the quantity of circulating hemoglobin and its oxygen capacity have a con- 
siderable interest. There is general agreement that an increase in hemoglobin 
is a veiy constant response. There is less agreement, because fewer studies 
have been made, that the affinity of hemoglobin for oxygen changes when the 
body is exposed to an anoxic environment. The investigations here reported 
relate to the latter aspect, and it has been considered important to carry them 
out under similar experimental conditions in the different groups of subjects 
studied. The position of the oxygen dissociation curve has been detenniaed 
in a, residents at sea level; h, Indian native residents at an altitude of 4,540 
meters (14,890 ft.) ; c, some of the men included in group a were again studied 
mthin the first two hours after arrival at the higher altitude; and d, subjects 
included in group & were taken down to sea level and the same investigations 
were repeated also within the first two hours after arrival. Thus the results 
obtained may be related to a condition of anoxemia present since bhth, as com- 
pared vith the lack of it, and to the sudden development or suppression of such 
a factor. 

Procedures and methods. Arterial blood was obtained from the radial 
artery in 17 healthy adult males, of an age between 21 and 28 years, residents 
of Lima, at sea leveP; blood was again obtained, one to three weeks later, in 
12 of these men within the first two hours after arrival at Morococha, in the 
Andean region, at an altitude of 4,540 meters (14,890 ft.), with an average 
barometric pressure of 453 mm. Hg. Blood from the same artery was also 
obtained in 12 Indian natives, 18 to 44 years old, residents of Morococha, at 
• the above mentioned altitude, who were bom in that locality or in nearby 
places; in 8 of these men, one to three weeks later, arterial blood was drawn 

^ Aided in part by a grant from The Rockefeller Foundation. 

- Lima is located at an altitude of 150 meters (490 ft.); from the point of view of the in- 
vestigations here reported this may be considered as sea level. 
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again within tlie first two hours after arrival at sea level. The average time 
of the ascent and descent, made hy car, was three hours'. Physical acthdty 
was restricted as much as possible. The resident subjects, at sea level and at 
high altitude, were in fasting condition; before ascent and descent a light break- 
fast (tea, without milk, and crackens) was usually allowed several hours before 
the blood sample was obtained. The blood, obtained anaerobically, was 
mixed with a solution of heparin (Connaught) and kept under mercuiy and in 
ice until analysis was carried out. Blood obtained at high altitude was trans- 
ported to Lima, Time elapsed between puncture and equilibration and analysis 
varied between one and six hours. The oxygen dissociation curve was deter- 
mined in each sample of blood (49 in total) following the techniques developed 
at the Fatigue Laboratory (Harvard University, Boston)^ (1, 2). The CO 2 
and the O 2 content of the blood as dravm and of that equilibrated at pCOs = 
40 mm. Hg and pOa of about 200 mm, Hg gave the degi’ee of oxygen saturation 
and one point (T40) on the CO 2 dissociation curve; pH was calculated by means 
of the Henderson-Hasselbalch formula. In residents at sea level and at high 
altitude five points on the oxygen di.ssociation curve were investigated, these 
coiTesponding to pOa of 15, 25, 35, 45 and 65 mm. Hg; the pCOs in the tonometers 
was set at 40 mm. Hg in the first group of subjects and at 32 to 36 mm. Hg in 
the second, this last pressure coiTesponding to their arterial pCOa, In the 
repeated determinations made on blood taken after anival at high altitude 
and at sea level, only four points on the cuiwes were determined: at pOs of 25, 
35, 45 and 55 or 65 mm. Hg; the pCOs in the tonometers was set to con’espond 
to the arterial pCOj (from 34 to 38 mm, Hg). In men studied at high altitude 
and after anival at sea level the arterial pCOj was determined pimdous to the 
equilibrations corresponding to the different points in the oxygen dissociation 
curve, in order to adjust the pCOa in the tonometers to that tension. All 
equilibrations were made at 37°C. The anab’-sis of the blood samples was made 
in the Van Sh^ke manometric apparatu.s, using 0.5 cc. of blood, and of the gas 
equilibrating mixtures of the tonometers in the Haldane-Henderson apparatus. 

The oxygen dissociation curves, at arterial pH and at pH 7.40, were plotted 
on logarithmic co-ordinates (log. pO; against log. lOOHb/HbO:), and from the 
approximate straight lines, in which pOj for Hb = HbO: was located, the 
usual curves of per cent HbOj against pO: (nmi. Hg) were calculated. The 
slope of the logaiithmic curves, which is the constant “ti” in the Hill-Barcroft 
equation, was calculated for the different groups of subjects studied. The 
line charts developed at the Fatigue Laboratoiy were used in the various calcu- 
lations. The convetion of the curves to ])H 7.40 was made by means of the 
factor 


= -0.48 

A pH 

5 The authors wish to express their appreciation to Dr. D. B. Dill and associates of the 
Fatigue Laboratory (Harvard University) for the kind hospitality and facilities offered to 
them in various opportunities. 
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Eesults, In table 1 are given tbe values of p02 (mm. Hg) for Hb = HbOa 
obtained in 17 men living in Lima, at sea level, and in 12 permanent residents 
of Morococha, at an altitude of 4,540 meters (14,890 ft.). These values tend 
to be higher, both at the arterial pH and at a standard pH 7.40, in the high 
altitude subjects. The calculated differences between the mean values foimd 
in the two gi'oups; 2.66 ± 0.32 and 1.74 d= 0.36 mm. Hg, respectively, are 
statistically significant. This lower affinity of hemoglobin for oxygen at high 
altitudes, which is present at all points in the dissociation curve (fig. 1) is not 
related, apparently, to possible racial factors. The group of sea .level residents 
included 10 subjects bom at low places and 7 subjects who had been born in 
high altitude localities (between 2,200 and 3,800 m.) and of similar racial stock 
as those studied in Morococha, but who had been living in Lima for many years; 
the mean values of p02 coiTesponding to half saturation of the blood, and at pH 
7.40, were almost identical in these two groups of men studied at sea level: 
24.13 ± 0.11 and 24.77 ± 0.27 mm. Hg, respectively. 

It is interesting to point out that the most marked shift to the right in the 
oxygen dissociation cmve was observed in two brothers, residents at high alti- 
tude (listed as 11- Jama and 12-Aama in table 1), who showed veiy similar 
high p02 values for Hb = Hb02. 

Table 2 gives the position of the oxygen dissociation cur\m (at Hb = Hb02) 
in 12 men studied within the first two hours after arrival to Morococha (alti- 
tude 4,540 m.). The values previously found at sea level, in the same subjects, 
are also given for comparative purposes. At arterial pH the affinity of hemo- 
globin for oxygen decreased slightly in 10 of the 12 subjects (83 per cent), and 
the difference between the mean p 02 values found at sea level and at high alti- 
tude was 1.01 ± 0.24 mm. Hg. At a standard pH 7.40 the affinity decreased, 
also veiy slightly, in 9 of the men (75 per cent); in 1 it did not change and in 2 
decreased. The mean difference between the sea level and the altitude values 
was found to be 0.63 ± 0.23 mm. Hg. No relation was observed between the 
changes developed on arrival at high altitude and the place of birth- or race 
of the subjects studied. 

In table 3 are given the values of p02 (mm. Hg) for Hb = Hb02 in 8 men 
brought down from then- permanent place of residence at Ifigh altitude (4,540 m.) 
to sea level, where they were investigated within the first two hours after arrival. 
The previous values obtained at high altitude are included for comparative 
purposes. Both at the arterial pH and at a standard pH of 7.40 no significant 
variations were observed in the position of the oxygen dissociation cmve under 
the influence of a sea level pressure. The mean values, found under these 
different environmental conditions, were almost identical. 

The mean values of the pressures of oxygen necessary for different degrees of 
saturation of the blood in the various groups of men studied are shovm in table 4. 
The constant “ 71 ” of the Hill-Barcroft equation, wliich measures the slope of 
the logarithmic cmve, has also been calculated; it may be noted that tliis con- 
stant differs moderately in the groups of residents but it does not appreciably 
change on arrival at Ifigh altitudes or at sea level. 
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TABLE 1 

Position of the oxygen dissociation curve intwo groups of healthy adullmen: a, residents at sea 
level-, and b, Indian native residents at an altitude of 4,640 meters {14,890 ft.)* 


(Arterial blood equilibrated at 37°C.) 


N* 

EOBJECIS - 

AT SEA LEVEE 

HbOi cap. 

pH 

pOj for Hb = HbOs 

At art. pH 

At pH 7.40 

, 


roJ. % 


tr.m. Eg 

mm. Eg 

1 

Garc 

23.01 

7.40 

23.99 

23.99 

2 

Vent 

22.61 

7.42 

24.77 ^ 

25.41 

3 

Calo 

22.86 

7.39 

24.55 

24.38 

4 

Lede 

21.94 

7.39 

24.27 

24.10 

5 

Alda 

21.76 

7.37 

24.55 

23.71 

6 

Laqu 

21.77 

7.39 

23.71 

23.44 

7 

Brez 

20.95 

7.32 

25.23 

23.71 

8 

Biec 

21.16 

7.40 

24.49 

24.49 

- 9 

" Gano 

21.71 

7.38 

24.38 

23.93 

10 

Hamm 

21.44 

7.46 

23.60 

24.15 

11 

Paz 

22.58 

7.36 

26.42 

25.35 

12 

Gonz 

21.78 

7.34 

24.72 

23.23 

13 

Matu 

20.37 

7.40 

25.76 

25.76 

14 

Tres 

22.71 

7.39 

24.02 

23.66 

15 

Llos . 

19.66 

7.39 

25.00 

24.72 

16 

Care 

22.13 

7.41 

25.94 

26.12 

17 

Zuni 

23.22 

7.38 

24.97 

! 24.55 

1 

Mean dbP.E 

21.86 ±0.15 

7.39 ± 0.006 

24.73 ±0.12 

24.39 ±0.13 

St. Dev. ±P.E 

0.93 ±0.11 

0.01 ± 0.004 

0.75 ±0.08 

0.81 ±0.09 

C. of V. (%) 


4.3 

0.5 

3.0 

3.3 



AT HIGH ALTIT0DE 

1 


28.84 

7.38 

26.79 

26.12 

2 


26.87 

7.33 

28.61 

26.49 

3 

Mora 

33.71 

7.30 

27.35 

24.38 

4 

Barr 

27.42 

7.40 

26.36 

26.36 

5 

Ansi 

27.15 

7.40 

25.76 

25.76 

C 

Arti 

29.52 

7.35 

26.30 

24.89 

7 

Estr 

29.2^1 

7.38 

28.05 

27.42 

8 

Ordo 

29.96 

7.31 

27.23 

24.77 

0 

Quis 

32.79 

7.32 

25.88 

23.60 

10 

Espi 

30.69 

7.38 

26.00 

25.47 

11 

Jama 

.30.68 

7.36 

30.31 

29.11 

12 

Aama 

26.85 

7.. 38 

29.99 i 

29.24 

Mean ±P.E. 


29.48 ±0.44 

7.36 ±0.006 

27.39 ±0.30 

26.13 ±0.34 

St. Dev. ±P.E 

2.16 ±0.31 

0.03 ±0.001 

1.50 ±0.22 

1.68 ±0.24 

C. of V. (%) 

7.3 

0.4 

5.5 

0.4 


♦ Average barometric pressure: 453 mm. Hg. 


















AFFIlsITY OF HEMOGLOBIX FOR OXYGEN AT HIGH ALTITUDES 

Previous investigations. The characteristics of the oxygen dissociation curve 
in healthy men Imng at sea level have been well estabhshed. Following the 
techniques developed at the Fatigue Laboratory (Harvard University), which 
are the ones used in the jjresent study, several investigations (1-4), which 
include a total of 37 determinations made on healthy men^ have shovii that 
the pOo (mm. Hg) necessaiy to half saturate the blood hemoglobin varies vithin 
narrow limits. A statistical study of all these values, collected from the liter- 
ature, and wliich correspond to a standard pHc of 7.10 and a temperature of 
37-37.5°C, gives the foUowng results: Mean ± P.E. = 26.32 ± 0.14 mm. Hg; 



pOa IMM HG) 

Fig. 1. Position of the oxj’-gen dissociation curve, mean and range, in residents at sea 
level and at an altitude of 4,540 meters (14,890 ft.). 

standard deviation ± P.E. = 1.27 ± 0.10 mm. Hg; coefl&cient of variation = 
4.8 per cent and extreme variations between 23.2 and 28.9 mm. Hg. Oui* mean 
of 24.39 ± 0.13 mm. Hg, obtained in the 17 men studied at sea level, differs 
bj'- 1.93 ± 0.19 from that general mean value; the coefficient of variation ob- 
served in our results, which vary between 23.23 and 26.12 mm. Hg is slightly 
lover: 3.3 per cent. Darling and others (6) found in six healthy women, at a 
pH / .40 and 37°C, a mean pOa of 26.03 mm. Hg for half satiu'ation of the blood 
hemoglobin, this value being veiy similar to the one found in men. 

The comparison of the ” 71 ” values obtained in our studies vith those calcu- 
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lated from previous determinations made in normal subjects at sea level is 
given in table 4. 

Less agreement is found in the results obtained at high altitudes in previous 
investigations. Douglas and others (7), in 1913, observed no change in the 
position of the oxygen dissociation curve of blood equilibrated with alveolar 
air after a few days and Aveeks of residence at an altitude of 4,300 meters (Pike’s 
Peak), In 1922, from observations made in Cerro de Pasco (Peru), at an alti- 
tude of 4,330 meters, Barcroft and his collaborators (8) concluded that there 

TABLE 2 


Position of the oxygen dissociation curve in healthy adult men studied at sea level and within 
the first two hours after arrival to an altitude of meters (14,890 ft.) 

(Arterial ‘blood equilibrated at 37°C) 


N* 

SUBJECTS 

i 

PBEVTOUS VALUES AT SEA LEVEL 

j OS AHim'AL TO HIGH ALTITUDES 

HbOj 

cap. 

- pH 

pOj for Hb = HbOi 

! 

HbOj 

cap. 

i 

1 

pH 1 

pO* for Hb = 
HbOj 

i At art. 
pH 

i At pH 
7.40 

At art. 
pH ; 

At pH 
7,40 



tol. % 


mnt. Hg 

mm. Bg 

vol.% 


mm. Bg 

tnm, Bg 

1 

Garc 

23.01 

7.40 

23.99 

23.99 

24.60 

7.37 

25.35 

24.49 

2 

Vent 

22. G1 

7.42 

24.77 

25.41 

20.54 

7.36 

j 26.85 

25.53 

3 ' 

Calo 

22.86 

7.39 

24.55 

24.38 

22.53 

7.40 

23.33 

23.33 

4 

Laqu 

21.77 

7.39 

23.71 

23.44 

23.28 

7.38 

25.12 

24.66 

5 

Riec 

21.16 

7.40 

24.49 

24.49 

22.22 

7.33 

26.49 

24.49 

6 

Gano 

21.71 

7.38 

24.38 

23.93 

23.20 

7.41 

24.89 

25.23 

7 

Hamm 

21.44 

7.46 

23.60 

24.15 

21.79 

7.42 

25.47 

25.88 

8 

1 Matu j 

20.37 

7.40 j 

25.76 

25.76 

20.42 

7.39 

25.23 

25.06 

9 

1 Tres 

22.71 

7.39 

24.02 

23.66 

23.50 

7.41 

24.95 

25.29 


' Llos 

19.66 ^ 

7.39 

25.00 

24.72 

20.63 

7.38 

26.30 

25.82 

11 

' Care 

22.13 

7.41 

25.94 

26.12 

22.99 

7.40 

26,55 

26.55 

12 

' Zuni 

23.22 

7.38 

24.97 

24.55 

24.89 i 

7.37 

26.76 

25.88 

Mean : 

dbP.E 

21.89 

7.40 

24.60 

24.55 

1 

22.55 

7.39 

25.61 

25.18 



±0.21 

±0.006 

±0.14 

±0.16 



±0.19 

±0.17 

St. Dev. dbP.E.... 

1.05 

0.03 

0.71 

0.80 

1.43 


0.98 

0.82 



±0.15 

±0.004 

±0.10 

±0.11 



±0. 14 

±0.12 

C.of V. (%) 

4.8 

0.4 

2.9 

3.3 

6.3 


3.8 

3.3 


* Average barometric pressure: 453 xnm. Hg, 


•was a shift to the left in the dissociation curve determined in the members 
of the expedition and in residents; the greater affinity of hemoglobin for oxygen 
Avas found to be more CAudent in the native Indians. This change, analogous 
to AA’hat has been later obserA’-cd in fetal as compared A\ith maternal hemo- 
globin in humans (9-12, G) and m animals (13-17), aars explained on the basis 
of an increased alkalinity of the blood in addition to a change in the affinity 
of hemoglobin for ox 3 'gen, independent of the pH. 

Dill and others (3), in 1931, reported no appreciable change in the position 
of the oxygen dissociation cun'e after tAvo to seA'en AA'eeks of residence at an 
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TABLE 3 

Position of the oxygen dissociation curve in healthy Indian natives studied in their place of 
residence: at an altitude of 4,640 meters (14,890 ft.)* and xoithin the first two hours 

after arrival to sea level 


(Arterial blood equilibrated at 37 °C.) 


N* 

SmJjECTS 

PEEVIOVS VALVES AT HIGH ALTITVDES 

ON’ AltiaVAL TO SEA LEVEL 

HbOj 

cap. 

pH 

pOs for Hb = HbOi 

HbOz 

cap. 

pH 

pOz for Hb = 
HbOi 

At art. 
pH 

At pH 
7.40 

At art. 
pH 

At pH 
7.40 



zol. % 


mm. Eg 

mm. Eg 

j ^ol.% 


mm. Eg 

mm. Eg 

1 

Cara 

26.87 

7.33 

28.64 

26.49 

27.42 

7.43 

27.63 

28.71 

2 

Mora • 

33.71 

7.30 

27.35 

24.38 

34.48 

7.30 

28.51 

25.47 

3 

Arti 

29.52 

7.35 

26.30 

24.89 

29.17 

7.33 

25.59 

23.66 

4 

Ordo 

29.96 

7.31 

27. 

24.77 

30.12 

7.33 

25.59 

23.77 

5 

Quis 

32.79 

7.32 

25.88 

23.60 

32.54 

7.33 

26.18 

24.21 

6 

Espi 

30.69 

7.38 

26.00 

25.47 

29.08 

7.36 

27.16 

25.94 

7 

Jama 

30.68 

7.36 

30.34 

29.11 

29.72 

7.34 

29.65 

27.61 

8 

Aama 

26.85 

7.38 

29.99 

29.24 

25.29 

7.37 

27.67 

26.67 

Mean, ±P.E 

30.13 

7.34 

27.72 

25.99 

29.73 


27.25 

25.76 



zhO.58 

±0.01 

±0.42 

±0.51 

±0.68 


±0.34 

±0.44 

St. Dev. ±P.E.. . . 

2.29 

0.04 

1.64 

1.99 

2.66 

0.04 

1.34 

1.73 



db0.41 

±0.00/ 

±0.29 


±0.48 

[f 

O 

o 

o 

±0.24; 

±0.31 

C. of V. (%) 

7.6 

0.4 

5.9 

7.7 

8.9 

0.5 

4.9 

6.7 


* Average barometric pressure: 453 mm. Hg. 


TABLE 4 

Oxygen dissociation curves in healthy men and women at sea level and at high altitudes 
Comparative study between the mean values obtained in the various groups of subjects 
studied in the present investigation and those observed in previous studies 
At pHc 7.10 = pH 7.40 — Blood equilibrated at 37-37.5°C. 


7o HbOi 

PPXSEN'T INVESTIGATIONS 

PREVIOUS INVESTICATIOXS AT SEA LEVEL 

Residents at 
sealevef 

t 

Residents at 
4,540 m. 

On arrival 
to 4,540 ra. 

On arrival 
to sea level 

From Dill, 
Edwards and 
Conzolazio 
(6) 

(In men) 

From Keys 
and Snell 

1 (In men) 

From Darling 
and others 
(7) 

(In women) 


pO: (mm. Hg) 

20 

14.5 

15.8 

15.0 

15.7 

13.4 


! 15.3 

30 

17.7 

19.3 i 

18.4 ! 

19.0 

17.9 


19.2 

40 

20.9 

1 22.5 

21.6 

22.2 , 

22.0 ; 

22.4 

22.6 

50 

24.4 

26.1 

25.2 

25.7 

26.3 

26.0 

26.0 

60 

28.4 

I 30.3 

29.2 : 

29.6 

'31.1 

30.4 

! 30.2 

70 

33.5 

1 35.5 

34.4 

34.7 

36.1 

36.1 

35.6 

SO 

41.1 

1 43.1 

42.0 

42.0 

45.7 

42.9 

42.2 

90 

55.6 

! .57.7' 

56.8 

56.1 

61.4 

1 

54.1 


2. 66 

1 T.77 

2.G9 

2.81 

i 

2.50 

2.73 

2.65 


* Slope of the logaritlimic curves. 
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altitude of 3,280 meters; however, the analysis of their data shows that in 6 
of the 8 members of the expedition there occurred some increase, in the pOa 
(mm. Hg) corresponding to half saturation of the blood at pH 7.10 and 37.5°C; 
the mean value at sea level was 26.9 as compared with 27.8 mm. Hg at high 
altitudes. In 3 residents, at the above altitude, this value was found to be 
28.7 mm. Hg, that is 1.8 mm. Hg higher than in ,re.sidonts at sea level. These 
figures give some evidence of a decreased affinit}'' of hemoglobin for oxygen 
at high altitudes. In 1933, Buikov and hlartinson (18) observed a left shift 
in the oxygen dissociation curve at altitudes between 600 and 2,100 meters. 
The most recent previous investigations have been made by the members of 
the expedition to the Andean regions of Chile; Keys, Hall andXIuzman Barron 
(1), in 1936, observed a gradual shift to the right in the ox 5 ’'gen dissociation 
curve while increasing altitudes were reached, and after a period of residence 
which varied between few hours and several weeks in the different locahties. 
At the altitudes of 3,660, 4,710, 5,340 and 6,140 meters, the mean pOs (mm. Hg) 
corresponding to HId = HbOj, at pH 7.10 and 37°C, became 1.6, 2,2, 2.9 and 
2.8 mm. Hg, respectiv^el}^ liigher than at sea level. At 2,810 meters no change 
Avas found. In 3 residents at 3,660 meters the mean pOs was 1.7 mm, Hg 
higher than the sea level value obtained in the members of the expedition, but 
no difference Avas obserA’^ed bet'AA'een this group and 8 residents at 5,340 meters. 
Hall (19), AA'orking AAith the same subjects, but using dilute solutions of hemo- 
globin, found no significant change at high altitudes, but obseived a pOa of 

26.0 mm, Hg at half saturation in the residents at 5,340 meters in contrast to 

23.0 mm. Hg in the members of the expedition studied at the same altitude. 

NatKe mammals and birds at high altitudes, inA’-estigated by Hall, Dill 

and Guzman Barrdn (20), .shoAA’ed, as compared AAith related animals liA^ing 
at sea IcA'el, a gi-eater affinity of the blood hemoglobin for oxygen, Compara- 
tKe obseivations AAure made at sea leAml and at high altitudes in the llama, an 
animal AAidety used for transportation by the Indians of the Andean regions; 
a left shift in the oxj'-gen dissociation cur\'e and a lower HbOo capacity A\^ere 
obseived under conditions of Ioav pressure. In sheep, in AA'hieh the affinity of 
hemoglobin for oxygen is one of the loAA'est among mammals, no change was 
found at high altitudes. 

Discussiox. The oxygen dissociation curve observed in our sea leA^el sub- 
jects has the same general shape, but it is located .slightty to the left of the one 
obtained by previous inA'^estigators in North American people. It is not possible 
to state, at the present time, Avhether tliis difference Is due entirely to technical 
A'ariations in the methods emplojmd, or AA’hether it is related, in part or AA’holly, 
to racial or other unknoAvn enAfironmental factors. These latter aspects, which 
haA'c a particular interest in Anew of the possible e.xistence of A'-arious forms of 
hemoglobin AAithin the same species of animals or individual (21-23), have not 
yet been adequately investigated. 

The results obtained in our investigations carried out at high altitude on ucaa'- 
comers and on residents, together Avith those found in preAUous studies made in 
recent A'ears, furnish enough evidence to indicate that, at least in humans and 
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at altitudes over 4,000 meters, there is no change in the blood hemoglobin 
towards a gi-eater affinity for oxygen and, in consequence, there is no similarity 
with the fetal type of hemoglobin as has been suggested. On the contrary, 
the evidence points to some decrease in the oxygen affinity of the blood hemo- 
globin. In the men studied immediately after arrival at high altitude the posi- 
tion of the oxygen dissociation curve, at a standard pH of 7.40, was practically 
identical to the one observed at sea level, but the fact that the large majority 
of them showed some degree of right deviation, under the low pinssure environ- 
ment, gives some significance to the slightty higher pOs (mm. Hg) necessary 
for half saturation of the blood at high altitude. In this respect our findings 
correlate with those previously obtamed by Dill and others (3) and by Keys, 
Hall and Guzmiln Barrdn (1) after a considerablj’- longer residence at high 
altitudes. The finding of a decreased affinity of blood hemoglobin for oxygen 
is somewhat more evident in the Indian native residents of high altitude, accord- 
ing to our investigations. The right derdation of the oxj'gen dissociation curve, 
together with its slightly more S-shape, as compared vith sea level residents, is 
not entirely outside the possibihties of technical error, but it is significant 
that 10 of the 12 native residents studied at high altitude showed a pOo (mm. Hg) 
corresponding to lib = HI302 higher than the mean sea level value. The 
difference Avas greater at the arterial pH, Avhich was lower at high altitudes, 
but it remained statisticall 5 >- significant at a standard pH of 7.40 and 37°C. 
These findings agree vith those observed by Dill and others (3) and b}-- Keys, 
Hall and Guzman Barrdn (1), at lower altitudes (3,280 and 3,660 m., respec- 
tively) and 1)y Hall (19) at 5,340 meters, the last investigator working vith 
dilute solutions of hemoglobin. 

The studies carried out in LeadAulle (3), at an altitude of 3,280 meters and 
in the Chilean Andes (1), at altitudes over 4,000 meters, seem to indicate that 
there are no changes in the electrolyte distriljutioii between cells and plasma 
which Avould invalidate the comparison of results obtained at sea level and at 
high altitudes; in the latter studies, the direct determination of the pH by the 
glass electrode method gave results closely similar to the values calculated by 
means of the Hcnderson-Hasselbalch formula. The concentration of the 
hemoglobin hi the circulating red cells is the same at sea lei'el and at high alti- 
tudes (24. 25). 

The slight decrease in the affiniti' of hemoglobin for oxi'gen, obsen^ed.at high 
altitudes, may be hiterpreted as a favourable compensatory adjustment to the 
low pressure environment. It appears that imder this condition the basic 
problem relates to the dehvery of oxA'gen to the tissues, and a right deviation 
of the oxA'gcn dissociation curve, even if .slight, would be of a'ppreciable lienefit 
to this process, especially Avhen we consider the mcreased quantity of blood 
hemoglobin present. It is intei'osting to call attention to the fact, which was 
originally demonstrated b}' Barcroft and his co-workers (8), and corroborated 
in later studies, that the arterial blood' of men living at high altitudes leaves 
the lungs and carries to the tissues a liigher amount of oxygen, as compared 
vith men liAung at sea level, on account of the increased lilood hemoglobin 
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■which, in this resi)ect, compensates for the lower saturation; yet this man has 
the limitations imposed by the high altitude environment due, largely, to the 
difficult delivery of ory’-gen to the tissues as a consequence of the low tension 
of this gas in the plasma. Our studies made in residents of a high altitude, 
immediately after they are brought dovm to sea level, show that there are no 
significant changes in the affinity of the blood hemoglobin for oxj’-gen under 
this new emdronmental condition; the position and the shape of the oxygen 
dissociation cur\'e remain virtually unchanged. This finding gives a gi’eater 
significance to the changes which are obsen^ed when the reversal of the experi- 
ment is carried out. 


SUMilARY AKD CONCLUSIONS 

The position of the ox^’^gen dissociation curve has been determined in arterial 
blood obtained from a, 17 healthj’- adult men living at sea level; b, 12 Indian 
native residents of Morococha (Peru), at an altitude of 4, .540 meters (14,890 ft,). 
The same determination has been repeated in 12 subjects of the first group 
•within the first tavo hours after arrival at the hi^ altitude, and in 8 men of 
the second giuup also within the first two hours after arrival to sea level. The 
results have been compared with those obtained in previous investigations. 

There seems to be enough e\ddence to conclude that in humans, newcomers 
or residents, at altitudes of about 4,000 meters, or higher, there is no increased 
affinity of the blood hemoglobin for oxygen. On the contrarj’-, the findings 
indicate a slight tendency toward a lower affinity, both at arterial pH and a 
standard pH of 7.40, especially in the native residents. This right shift in the 
ox 5 ’'gen dissociation cun'e at high altitude may be interpreted as a favourable 
compensatory adjustment to the low pressure emdronment, 
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Previous work in which the calorigenic action of intravenous!}’' injected adrena- 
lin was determined from anaB’sis of approximately 5-minute collections of expired 
air (Griffith et al,, 1939, 1940) was felt at the time to be less than completely 
adequate in that it provided only featureless averages for interv'als vithin which 
such a quickly-acting agent might be expected to produce transient effects of 
considerable peak-magnitude, especially during the period of injection when blood 
concentration is rapidly changing. In spite of inadequacy as to detail these 
earlier results seemed clearl}’- to indicate that variations of oxygen intake and 
carbon dioxide output during and follov’ing intravenous admim'stration of 
adrenalin were less an expression and measure of intrinsic modification of meta- 
bolic rate than of possible concomitant alterations in acid-base balance and the 
mechanics of pulmonar}'' ventilation and the cardio-vascular system. Since at 
least the latter two are rapid in onset and subsequent mutability it became 
obvious that further anaB'sis, at least of the immediate effect of adrenalin on 
respiratory exchange, demanded use of a method whereby oxA’-gen intake and 
carbon dioxide output could be followed continuously and without interruption. 
Re.sults Avith such a method are described in Avhat folloAvs. 

Apparatus. This Avas deA'ised for use ■nith anesthetized or otherAAase immo- 
bilized animals to permit access to the hind legs for blood sampling or intraAmnous 
injection. It proAudes continuous, unintenupted registration of o.xygen intake 
and inspirator}’- minute-Amlume. Carbon dioxide concentration of the expired 
air (from which, and the A-oltune of pulmonarj^ A’entilation, rate Of output is 
calculated) is determined colorimetiically (Maniott, 1916; Higgins and Marriott, 
1917; Osterhaut, 1918) at minute, or shorter intervals, adaptation of this to the 
present purpose haA'ing been greatl}’’ facilitated by the AV'ork of Winzler and 
Baumberger (1939) which appeared just as this was getting under Avay, Com- 
pared Avith other deAuces designed for somewhat similar use (Gesell and AIc- 
Ginty, 1926; Ledig and Ljman, 1927; Rein, 1933; "V^’^ollschitt et al., 1935; 
AIcAlister, 1937; Pfund and Gemmill, 1940) this is mlatively inexpensiA^e and 
simple in construction and operation. 

Schematic diagrams AAdth details of construction are proAuded by figures 1 and 
2. As shoAvn in figure 1, the anesthetized cat is placed so that the head, upper 
extremities, thorax and the abdomen to the hips are enclosed in the container, 
C. The tracheal cannula of the animal is connected through the Arall of this 

744 



mrEAYENOVS ADBUNALm AJfD EESPIEATOEY EXCHANGE 


745 



Fig. 1. The cat chamber, C, is a piece of metal tubing 4 indies in diameter and 10 inches 
long, intended to enclose aU of the animal except the liind legs; these dimensions are for a 
2 kgm. cat and could be altered to accommodate animals of other size. The two outlets, 
0 and O', are of J-inch metal tubing; one of those, 0, traverses the wall of the chamber about 
2 inches from the head-end to connect the cat’s tracheal cannula to the expiratory valve, 
V. A third outlet, 0", permits insertion of the thermometer, T/i. 

The headpiece, If, of the chamber is a copper water-bath basin, 4 inches in diameter, 
which accurately apposes this end of the metal tubing and is attached to it and the junction 
made air-tight by a 3-inch band cut from the wrist end of a surgeon’s rubber glove, G. 

Another surgeon’s glove, (?', with fingers and thumb cut off, fits snugly over the shaved, 
lower abdominal portion of the cat’s body just above the hips and is stretched to encircle 
this end of the chamber; when in place, this sleeve is so tightly stretched that it is not moved 
by the very slight variations of pressure within the chamber due to respiratoiy movements. 
Hence, with the cat’s tracheal cannula connected to 0 by a short bit of rubber tubing and 
with the rubber sleeves over the headpiece and abdomen in place, the cat chamber be- 
comes air-tight except for the connecting lead, O', which allows communication between 
the enclosed volume of the chamber and the respiratory closed-circuit. Check against 
leaks before and after inclusion of the chamber in the circuit and again at the end of any 
experimental run is made with the water manometer, il/. 

The expiratory and inspiratory valves, Hand V', are constructed from thistle tubes, one- 
hole rubber stoppers, and rubber dental dam. The connection between the tracheal can- 
nula and the T-junction between the valves is short enough so that its volume corresponds 
roughly with the respiratory dead space of the cat. 

The cqmlibrator, U, is a vertically-placed glass tube 35 cm. long and of the same diameter 
(10 mm.) as the connecting tubing throughout the circuit. The inner surface is ground to 
a frosted appearance by coarse emery to facilitate uniform spread of the indicator solution 
n^ich otherwise tends to descend in rivulets. Two homolateral side arms are 1 attached 
about 30 cm. apart at an acute angle, so that pooling of indicator solution, as it flows down 
ttie inner surface of E, will not occur at the junctions. The upper end of E tapers rapidly 
into a section of 1 mm. capillary glass tubing; the lower end into thin-walled tuliing of 4 
mm. internal diameter. The capillary tubing at the upper end, which acts as inlet for the 
mdicator solution, from the 15-liter Marriotte carboy, MR, is drawn out for a short ■ ‘ 
to an internal diameter of a few-tenths of a millimeter so that considerable 
offered to the flow of solution. The tliin-wmlled tubing of 4 mm. internal . 
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container (at 0) to inspiratory and expiratory valves, V' and V, which provide 
unidirectional flow of air driven around a closed circuit by the animaFs ovm 
respirator}'' effort. From the expiratoi^’- valve, V, the expii-ed air passes into an 
equilibrator, E, where it rises without obstruction against a downward-moving 
film of dilute methyl-red solution. The intensity of the acid (red) form of this 
solution, as it collects in the base of the equilibrator, in the resennii’, R', is deter- 
mined photometrically (fig, 2) and from it is calculated the concentration of CO 2 
in the expired air. The expired air- passes, next, to a can, SL, of soda-lime, 
w'herein the CO 2 is completel}’’ absorbed. From this it then circulates past three 
side arms, 1, 8, 3, through a w'et-test gasmeter, GM; which records the inspired 
volume, and through the inspirator^'- valve, F', back to the cat by the force of its 
dun inspiratory effort. The first side arm, 1, cormects mth a water manometer, 
M, which is used in testing for leaks; the second, 2, admits oxygen from a con- 
tinuousty-recording O 2 sj'-stem as it is removed from the closed circuit by the 
animal; and the third, S, cormects with the cat chamber, thus preventing pressure 
fluctuations in the closed circuit that W'ould otherwise arise from tidal respiration 
or change in the mid-position of the thorax. 

Oxygen consumption might be recorded in any convenient way; that used 
here has been described bj”- Schwabe and Griffith (1938) and repetition of detail 
is not necessarJ^ In brief, the operation is as follows: as oxygen is depleted 
within the closed circuit described above it is replaced by entrance from OX 
through side arm, 2. This oxygen comes directly from the flask, F; the decrease 
of pressure thereby caused in F causes water to siphon over from the tube A and 
draws ox 5 'gen into A from a rubber basket-ball bladder (not shown) attached at 
OR. The lower end of the tube F in ri is at the same level as the outlet of the 
siphon >Sin F, so that the mo'^'-ement of water from A to F, and, thereby, of oxj’-gen 
through 2 mto the closed respirator}’- circuit will occur at a pressure only ver}'- 
slightly less than atmospheric. The changing pressure (negative) above the 
water level in A is registered on smoked kjunograph paper by the manometer and 
float, ED, and thus provides a continuous record of the rate of ox}’-gen utilization 
by the animal. For further details, especially of re-setting for a new deteimina- 
tion, reference should be made to the detailed instruction in the original descrip- 
tion. For adaption to the present use, tube A is of such a size as will permit a 
10- to 15-minute continuous inin with average-size cats, without resetting; the 

base serves as a collector, R, of the indicator solution and as the light-absorption chamber 
in the photoeolorimetric set-up (see lig. 2). 

The soda lime container, SL, is a copper can of 3-liters capacitj' which is filled with fresh 
soda lime at the start of each e,vperiment. 

A 1-liter, wet-test gasmeter, Gvi, (American Meter Co.) has its large scale divided into 
100, 10 cc. units. At each unit a wire contact is e.vposed so that, as a light spring attached 
to the pointer sweeps over the scale, the circuit of a .signal magnet is closed once for ejich 
10 cc. of air returning to the cat during inspiration. Thus the inspired volume is con- 
tinuously registered on smoked paper to the nearest 10 cc. on the same kymographic record 
which records the oxv'gcn consumption, as described in the te,xt. The meter is carefullj' 
calibrated at a pulsing rate of flow equivalent to the cat’s respiration (Krogh, 1920). 

For other details see the text. 
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'tubing of tbe sipbori, S, is of large enough calibre to offer little resistance to the 
rapid flow of water through itj and a duplicate system is attached to the second 
arm of so that the oxygen record need not be interrupted while either is being 
reset. 

The photometer is shown diagrammatically and its constmction described in 
the legend of figure 2; there is little about it that is critical and a shnple optical 
system could be set up with other dimensions without sacrifice of its essential 
principles. 



Fig. 2. The reservoir, B, attached to the base of the equilibrator (E, fig. 1) acts as the 
light-absori)tion chamber in this photocolorimetric arrangement. 

A photocell e.xciter lamp, S, (General Electric, S.o V., 4.0 iVmps., Bulb T-8, Fil. C-6), fed 
by two heavy storage batteries in parallel, provides a fairly constant light source. Greater 
constancy is obtained by immersing the bulb in a water bath containing dilute CuSOj, 
which serves the dual purpose of absorbing a large percentage of the infra-red rays given oft 
by the light and preventing the formation of algae and molds. 

Photosensitive cells, P and P', of the photovoltaic or barrier layer type (General 
Electric; Cat. S8 x 565) are used to measure light intensities. One of these, P, measures the 
intensit 3 ’’ of color of the indicator solution; the second, P', placed an equal distance from 
the lamp, serves as a control, to measure possible changes in intensity of the light source. 

Wratten Filters no. 74 (F and F') limit the wavelength of transmitted light to a narrow 
band at about 530 mu, the approximate wavelength of light absorbed by methjd-red in the 
red (acid) form. They cover the faces of the photocells completelj*. 

Interposed between the light source and the indipator solution in I? is a 20 mm. test tube, 
L, filled with dilute CuS 04 solution, which acts as a cylindrical condensing lens to concen- 
trate the light onto the reservoir tube, B, placed parallel to and inunediatelj' behind it. 
The light ra 3 ’s then diverge through a distance of 3^ inches to cover the photocell, P. 

Both photocells are connected to a L. and N. type R galvanometer, G, (sens. 0,5 micro- 
volt, per. 5 sec., res. 12 ohms), through the opposite poles of a D.P.D.T.-mercurj' switch. 
Another mercirry switch is placed so that the rest of the circuit may be e.xcluded from the 
galvanometer and its critical damping resistance. The galvanometer deflection is read on 
an inverted meter-stick at a distance of three meters, hence the deflection is proportional 
to the current. 

I 

The indicator solution used is a weakly buffered solution of methyl-red. It is 
prepared frohi a stock solution containing 1.5 grams of indicator in 200 cc. of 95 
per cent ethanol to which is added 300 cc. of 0.1 N NaOH; for use, -100 cc. of this 
stock solution is added to 15 liters of distilled water, resulting in a concentration 
of 0.02 gram of method red per liter. 

This weakly-buffered, dilute methyl-red solution is siphoned on the Marriotte 
principle from a large 15-liter carboy {MR, fig. 1) into the inlet of the equilibrator 
at a rate which is determined by the height of the carboy above the equilibrator 
and the amount of resistance afforded by its constricted inlet. A rate of flow of 
2.5 cc. per minute was found optimal for this work. The volume of solution in the 
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reservoir exposed to the incident light is about 1,2 cc,, hence, at this rate of flow 
the reservoir-absorption chamber is complete^’’ refilled bj’’ a freshly equilibrated 
solution every 30 seconds. This assumes minimal mixing of solution in the 
reservoir, but this does not seem unfair inasmuch as the fresh solution is veiy 
slowly entering from wet sides. 

This type of equilibrator was finally adopted after much tiaal with bubbling 
devices of various kinds because: throughout an experiment of several hours’ 
duration it provided continuously an indicator solution of standard composition, 
unaffected by evaporation or contammation; secondl}’’, it effected a more rapid 
equilibration than anj'- other except sintered-glass bubblers, but without the 
resistance to air flow which rendered these impossible of application in an air 
stream moved bj’’ the animal’s o\vn expiratory’' effort; and finally, the equilibrated 
solution in the reseiwoir being undisturbed by bubbles, its color intensity can be 
determined continuously without interruption of the air circuit. 

Whether or not the indicator solution which collects in R has reached equilib- 
rium with the experimental gas null depend on the rate of replacement of the gas 
and also upon the length of the film of exposed indicator solution (30 cm.) and its 
thickness; this last ndll depend on the rate of flow and also, in actual use, upon 
certain practical details: the equilibrator must be vertical, otherwise rirnilets 
which lessen the surface exposure are formed; also, roughening the inner surface 
of the equilibrator to a gi-ound-glass consistency facilitates uniformity’’ of spread 
of the solution; but even in spite of these precautions results were occasionally 
erratic until practice was made of cleaning the iimer surface of the equilibrator 
with hot cleaning solution before each day’-’s use; i.e., enough grease apparently 
accumulates on the surface mth use to break up the otherwise smooth surface 
film. 

In going suddenly from zero to 7 per cent carbon dioxide in the gas flowing 
through the equilibrator, equilibrium is 90 per cent complete in two minutes. 
Smaller differences in carbon dioxide content required less time for establishment 
of complete equilibrium, because the dilution effect is not so important and 
diffusion between the solution in the resen'oir and that freshly entering it becomes 
less significant. 

A linear relationship between CO 2 tension of the experimental gas and the ratio 
of incident to transmitted light has been described by' Winzier and Baumberger 
as: 

A°-i)zc = pC0i (1) 

(Jo) is the galvanometer deflection for the current generated in the photocell 
(P, fig. 2) by the light traversing the COj-free (y'ellow) solution of methy’^1 red. 

(J) is the galvanometer deflection resulting from the current subsequently’’ 
generated in the same photocell (P) by' the light transmitted through the same 
solution after equilibration with a given tension of CO 2 . 

{K) is a constant which includes the extinction coefficient, the quantity' of light 
incident to the solution, the depth of the absorbing medium, etc. It is deter- 
mined by' equilibrating the indicator solution ■\rith a knorni concentration of CO 2 
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(in practice from a prepared tank of compressed gas containing approximately 95 
per cent nitrogen and 5 per cent- carbon dioxide). This is done before and after 
each experimental run, and values for {K) agreed on any given day within 3 per 
-cent of each other, as calculated from the equation: 


K = , 


pCOz 


( 2 ) 


- 1 


•If the light source could be kept constant, the CO 2 tension in the equilibrated 
gas could easily be calculated for any moment by substituting the galvanometer 
deflection for that moment (I) into equation (1) above, (Jo) and (K) having been 
previously determined. The light source, however, is never absolutely constant; 
hence, the second photocell (P') is used to measure directly the intensity of the 
light source, to permit correction of (Jo) by a proportionality factor. At the 
same time that the original galvanometer deflection (7o) is obtained, a reading for 
the current generated (E) in the comparison photocell (F') is recorded also. 
Hence, any change in light source intensity is accompanied by a proportionate 
change in incident light, or 

^ - (3) 

where (E) and (Zo) are as described above and (lo) is the deflection which would 
result from the light traversing the C02-free indicator solution at the same time 
that the altered intensity of the light source produces the galvanometer deflec- 
tion for (P') of (W) . Or, the true incident light effect at any later reading subse- 
quent to the original determination of (Jo) may be expressed as: 


= 4 X 5 


(4) 


This makes unnecessary^ the interruption of the experiment each time the inten- 
sity of the light source changes to introduce a fresh COa-free solution for the pur- 
pose of obtaining a new (Jo). ' 

Briefly, then, (Jo) is determined once and for all for the COo-free indicator solu- 
tion at the beginning of the run, as is also the comparative reading (E) on the 
control photocell. Whenever a subsequent reading {!') is taken, a corresponding 
reading (F') is taken with the control photocell. Then a known concentration of 
CO 2 is equilibrated with the indicator solution and (K) is determined; combining 
equations (2) and (4): 



E ^ I ^ 


K 


The CO 2 concentration subsequently equilibrated with the indicator solution 
may be determined, combining equations (1) and (4): 


PCO 2 - Ji: X 




( 6 ) 
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In conclusion, then, we maj’- summarize the resulting record. A smoked-paper 
kymograph record is obtained which shows: 1, the sloping oxygen curvm; 2, a 
time signal; 3, a second signal-magnet record of the inspned volume (gasmeter) ; 
and 4, a third signal magnet record indicating the instants at which photometric 
readings were made. Each of the last signal-marks is numbered to correspond 
■with the numbered record of the galvanometer deflections, including the deflec- 
tion vith each photocell and a zero determination. From these records it is a 
simple matter to compute the percentage of CO 2 in expired air, the insphed vol- 
ume, and the volume of O 2 consumed for any given period; then: 

, , . . Insp. min. vol. — O 2 consumption ^ . per cent CO 2 

CO 2 output per minute = — ^ X tkk 

.per cent CO 2 100 

^ 100 

Inasmuch as the record of inspired volume and O 2 consumption is continuous, 
and determinations of the percentage of CO 2 can be made as frequently as ever}’- 
15 seconds, if desired, the method may be considered to be a continuous one of 
moderate accuracy for short periods. For one-minute periods CO 2 production 
may be calculated to vithin db3 per cent, the O 2 consumption to -within ±2 per 
cent of their respective volumes. 

Checics were performed by substituting a rubber bulb for the animal’s lungs, 
attaching it to the lower end of valve V in figure 1 ; rhythmical compression of the 
bulb by a motor-driven eccentric provided circulation of air in the closed system 
of the apparatus. To compensate for volume changes as the bulb was compressed 
and released, a rabber ice-bag, rigged up to act as a small bellows, was attached 
to the end of side-arm 3 iu figure 1; this was inflated when the bulb was com- 
pressed and sucked empty when the bulb was released. 

Alcohol checks. With this provision for artificial circulation of ah in the sys- 
tem, an alcohol combustion chamber was inserted in the apparatus between the 
two valves, V and V', of figure 1. Bj-- this means the complete reliability of the 
apparatus has been thoroughly established. In addition to the usual difficulties 
and precautions pertaining to successful operation of an alcohol check, one ap- 
peared for which we were totally unprepared; which, as a consequence, entailed 
months of fruitless effort before it was brought under control; and which may, 
therefore, be of interest to any who may attempt to apply alcohol checks in work 
of this tjqje. There are apparently products of the iucomplete combustion of 
alcohol which affect the color of methyl-red indicator. Successful checks were 
therefore obtained only when the alcohol was burned in contact with a minute 
chimney or mantle of platinum-iridium gauze which apparently catatysed the 
combustion nearly enough to completion so that the only factor significantly 
affecting the color of the indicator was the carbon dioxide being produced. 

Routine checks. After the reliability of the apparatus in its final form was es- 
tablished by alcohol checks these were resorted to only occasionally and routine 
checking was done by admitting pure carbon dioxide and withdrawing air at 
determined and equal rates into and from the opposite arras of a mercury-filled 
IJ-tube. This consisted of a calibrated burette of 400 cc. capacity connected at 
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its lower end by hea^T rubber tubing with a leveling-bulb of equal capacity. The 
upper end of this burette was connected by a 3-way junction ivith a supply of 
pure carbon dioxide and, also, to the closed circuit of the metabolism apparatus 
at 6^ figure 1. Thus by lowering and raising the leveling-bulb the burette could be 
filled with carbon dioxide and tliis, in turn, discharged into the air current of the 
closed metabolism circuit, kept in circulation by the rhythmically compressed 
rubber bulb as described in the preceding paragraph. The upper, open end of 
the leveling bulb was provided vuth a mbber-tubing connection, which could be 
applied to side-aim 4, figure 1. Thus, with the burette full of carbon dioxide and 
the leveling-bulb raised, release of a screw clamp on the rubber tubing wliich con- 
nected them would permit mercuiy to run at controlled rates from the leveling- 


TABLE 1 


DATE 

“insphiatory” 

itlNUTE-VOETUIE 

Per cent 

CARBON DIOXIDE 

Admitted 
(per minute) 

Calculated 
(per minute) 

“oxygen 

CONSUirPTION’’ 

(air with- 
drawn PER 
minute) 

RESPIRATORV 

1 quotient: 
CO2 CALCXTLvVTED 

“0:” measured 


CC. 



cc. 


1 

3/12/43 

400 

2.90 

12.6 

11.6 


0.95 

3/12/43 

390 

2.60 

10.3 

10.1 

■SB 

1.06 

3/12/43 

400 

2.68 

10.6 

10.6 

10.6 

1.00 

3/12/43 

400 

2.58 

10.2 

9.9 

10.0 

0.99 

3/19/43 

430 

3.23 

16.4 

14.4 

13.4 

1.07 

3/19/43 

435 

3.12 

14.6 

14.0 

14.4 

0.98 

3/19/43 

417 

3.79 

16.5 

16.4 

16.8 

0.98 

3/22/43 

400 

2.35 

11.0 

9.9 

10.1 

1.02 

3/22/43 

400 

2.53 

10.7 

10.6 

10.8 

0.98 

3/22/43 

404 

2.71 

11.2 

11.5 

11.3 

1.02 

3/22/43 

408 

2.54 - 

10.4 

10.8 

10.4 

1.04 

3/25/43 

383 

3.52 

14.5 

12.7 

13.4 

0.95 


393 

3.18 

12.0 

11.7 

11.6 

' l.'Ol 

Average 

11. O’" 

10 ^ 

1.00 


* These are approximately the average rates of oxygen consumption and carbon dioxide 
production of 2 kgm. cats; see Griffith et al., 1941. 


bulb into the burette; this would force pm-e carbon dioxide from the burette into 
the apparatus at 6 and -withdraw an equal volume of air into the leveling-bulb 
above its mercury from the, closed circuit at 4. The theoretical “respiratory 
quotient” of such a procedure should be 1.00; table 1 records values actually ob- 
tained in the course of one of the latest expei’imental periods extending over 
approximately two weeks. 

ExPERiMENTALr Procedure. The experiments were done on male and non- 
gi-avid female cats, ±2 kgm. in weight, fasted 24 hours, or 4 to 6 hours after eat- 
ing; neither sex nor alimentary status had noticeable effect on the results. 

The anesthetic of choice would have been chloralose in order to maintain the 
conditions of these experiments as nearly as possible like those done previously; 
but, since this could not be obtained at the time, on account of the war, recourse 
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was had to urethane in full dose, or in half this amount, supplemented by half the 
recommended dose of nembutal (Pentobarbital Sodium, Abbott). This combi- 
nation was used to secure a narco.sis less depressant than that resulting from ure- 
thane in full strength, but more prolonged than produced by nembutal, alone. 
Both anesthetics were administered by subcutaneous injection. 

Following induction of anesthesia the lower part of the abdomen just above the 
hips was clipped and shaved all around in order to provide a skin-smooth, air- 
tight contact for the rabber cuff wliich sealed this end of the cat into the chamber 
of the metabolism apparatus, which, as described above, enclosed all of the animal 
except the projecting hind legs. Insertion was then made of a tracheal cannula 
and of a cannula for injection into a superficial branch of the femoral vein in the 
middle of one thigh. 

The animal was then placed in the chamber of the respu-ometer and left undis- 
turbed for 30 to 45 minutes to peimit stabilization, especially of animal (rectal) 
and chamber temperatures. To this end the chamber of the apparatus rested on 
an electricallj'^ heated animal-holder and was covered, and the projecting hind legs 
wrapped, with insulating cotton batting. A small study lamp placed above and 
close to the chamber provided an auxiliaiy, gentler means of heat control. By 
these means there was no difficult}’’ in maintaining the temperature of both 
chamber and animal constant for the half-hour experimental periods. Animal 
temperatures were kept within the relatively noimal range of 38 to 40°C. 

At the conclusion of this preliminary period of acclimation, deteimination of 
the normal respiratoiy metabolism was begun. ^Miile this was in progress, prep- 
aration was made for injection of adrenalin via the cannulated, superficial branch 
of the femoral vein in the thigh. Injection was begun as soon as sufBcient record 
of the normal respiratoiy exchange was obtained and without the record being 
stopped or its continuity interrapted. Injection was always continued for ex- 
actly 5 minutes. Then, again, without stop or interruption of continuity, the 
record of the respiratoi}' exchange was continued another 20 to 25 minutes. A 
rest period of 30 minutes inteivened before beginning another experimental run, 
including establishment of a new “normal,” the 5 minute injection and the 20-25 
minutes succeeding. As a mle each animal received injections at each of the five 
rates mentioned below and usually in the order there given, begmning with the 
least and ending with the greatest. 

The preparation of adrenalin used was the 1 ; 1,000 Parke-Davis solution of the 
chloride. This was diluted with isotonic NaCl to produce concentrations which 
when injected at the rate of 1 cc. per minute (by hand from a 5 cc. syringe) pro- 
\dded rates of administration of 0.00025, 0.00050, 0.00100, 0.00200 and 0.00400 
mgm. per kilo of body weight per minute. 

Qualitative confirmation of the results to be reported was obtained in a number 
of experiments which were discarded for final quantitative consideration because 
of minor technical faults. The final conclusions are based on averages of 8 or 9 
deteiminations of the effect of each rate of injection of adrenalin in as many differ- 
ent animals. 

Results. Figure 3 presents the grand averages of all (42) e.xperiments and will 
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be useful as establishing the average effect produced liy intravenously injected 
adrenalin at the rates of administration used in this work (0.00025-0.004 mgm. 
per kgni. per min.). Within this range, however, the effect varies with the dos- 
age; figure 4 indicates qualitative^ the nature of this variation and, in spite of 
minor irregularities due to the relatively few determinations (8 or 9) with each 
rate of injection probably provides a faiidy quantitative appraisal of it. 

Whether the calorigenic action of adrenalin is due to direct cellular stimulation 
or oxidative removal of excessivelj’" liberated lactic acid, the course of the response 
might be expected to follow that shovm in figure 4 following injection at the lowest 
rate of 0.00025 mgm. per kgm. per min. Ox 3 ’-gen intake, carbon dioxide output 
and pulmonaiy ventilation all increase graduall}'- as injection proceeds to maxi- 
mum of -1-4.8, -hll.l and -f-8.4 per cent, respectiveljq at its termination and 
then graduallj^ return to normal. At all the higher rates of injection this type of 
response, with the maximum delaj’^ed into the inteival 5 to 10 minutes after injec- 
tion and the total action prolonged is also apparent with oxygen intake; carbon 
dioxide output still retains some evidence of it following injection at 0.0005 and 
0.001 mgm. per kgm. per min.; but pulmonaiy ventilation following all but the 
lowest rate of injection, and carbon dioxide output following the two highest 
rates are completely dominated b}'- an initial augmentation which is completel}'- 
lacking in the supposedly fundamental calorigenic response to the minimally 
effective rate of administration. With oxygen intake, also, an initial abrupt and 
tran.sient increase is added to the basic pattern at all of the four higher rates of 
injection. 

As for pulmonaiy ventilation, following the four higher rates of administration, 
its behavior is perhaps easily explained on the basis of two well-known effects of 
intravenously injected adrenalin: the lactacidemia would provide an immediate 
stimulation probablj’^ proportional, within this range, to adrenalin dosage; the 
hypertension, acting via the inhibitoiy aortic and carotid sinus reflexes, would 
tend to counteract this stimulating influence, also in rough proportionality with 
dosage. The results would seem to indicate that these integrate to permit maxi- 
mal augmentation of approximatelj’^ 36 per cent occurring during the 2nd minute 
of injection following rates of administration of 0.001 and 0.002 mgm. per kgm. 
per min.; at the highest rate of administration the inhibitoiy influence would 
appear to gain over stimulation so that the increase is reduced. And, finalty, 
this non-metabolic control of pulmonaiy ventilation seems completely to mask 
and obscure ain' alteration in it that might be attributable to a specific metabolic 
effect. 

In this light, the behavior of carbon dioxide output following the higher rates 
of administration ajipears easilj’’ explained. Auspumpung, roughly proportional 
to the extraneousl^' augmented pulmonaiy ventilation would explain the sudden, 
abrupt increase with its maximum during the 2nd minute of injection to a value 
of approximaiel.v -|-48 per cent following injection at the rate of 0.002 mgm. per 
kgm. per min.; and the reduction of this augmentation, comparable with the 
lesser increase of pulmonaiy ventilation, following the highest rate of adminis- 
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tration. Nor is it surprising that a compensatoiy retention might distort or 
completely obscure a delayed, intrinsic metabolic effect such as is suggested in 
the results with the three lowest rates of injection. 

The above analysis bears heavilj' on pre\dously pubhshed results (Griffith et 
ah, 1939, 1940), but adding much in refinement of detail which was impossible of 
detection with the less delicate method of measurement then used. 

Oxygen intake presents another and entirely new problem in the immediate, 
abrupt and transient increase which these results show to occur maximal^ during 
the first minute of injection at all rates above the minimal. Nothing in our ovm 
previous experience nor known to us in the literature prepared for it. Attempted 
explanation must therefore be cautiousty tentative and subject to revision in the 
light of fm’ther work. One well estabhshed effect of adrenalin might, however, 
contribute to such a result. Contraction of blood depots, and especiaU 3 ’''the 
spleen and hver, resulting in the well-loiovm adrenahn polycjrihemia, would bring 
into the circulation anoxic red cells whose oxj’-genation on first passage through 
the lungs might entail such an immediate, abmpt increase of oxj’-gen intake. If 
proportional to dosage the comparative effects of 0.0005 and 0.001 mgm. per 
kgm. per min. would be explained. The progressive decrease of this effect with 
the two highest rates of injection demands, however, the countei^miling action of 
some additional effect of adrenahn which begins to be dominant at the higher 
rates of administration. Here the gi’eatest caution is necessaiy ; it might not be 
impossible, however, that constriction, or congestion in the pulmonaiy ch’cuit, 
becoming prominent until the higher rates of administration and for which there 
is some, but not conclusive evidence, might reduce the rate of ox 5 ’’genation and, 
even, as with 0.004 mgm. per' kgm. per min., momentarily to below normal. In 
any event, once ox 3 '^genation of these additional red cells was complete, ox 3 ’’gen 
intake would abruptlj’" decline to the graduallj’’ ascending level of the calorigeni- 
cally augmented oxj’-gen uthizatign; this, thereafter, would establish the charac- 
teristics of the cuiwe uithout the distortion due to auspumpung and compensator^^ 
retention which the extrinsicallj^ controlled pulmonaiy ventilation impresses on 
the cuiwes of carbon dioxide output. 

Increased oxi'-gen consumption bj’" the stimulated heart is undoubtedly a part 
of the calorigenic action of adrenalin and might be supposed to show its effect 
immediatelj’- and abruptty; but, though contributing from the start to the in- 
creased intake, it is improbable that, bj’’ itself, it could be responsible for much of 
the large initial augmentation seen here. Also, occasional records secured by us 
indicated that within the range of dosages used in this work the inost characteris- 
tic response of the heart was a gradual increase in rate during the first thi-ee or 
four minutes of injection; consequentlj’- it could pla 3 ’' no part in the abrupt decline 
which sets in after the maximum increase of the first minute. 

If this analysis possesses any element of truth, it is obvious respiratory quotient 
is altogether without metabolic significance as measmed in these experiments; 
natm’alb^ and obviously it is dominated bj'' the gross distortion of carbon dioxide 
output and except as a matter of record desen'^es no further consideration. 



756 


EICHAKD J, JOJnSS AND FRED E. GRIFFITH, JR. 


SUMMARY 

A method is described for continuous, uninterrupted determination of the re- 
sniratorj’^ exchange of anesthetized or otherwise immobilized animals under ex- 
nerimental conditions permitting intravenous injection, blood sampling or other 
manipulation of the hind extremities. 

All of the animal except the hind legs is enclosed plethysomographically in a 
oontainer which is part of a closed system. The oxygen required to replace that 
used by the animal is recorded gi'aphically and continuously and with an accuracy 
of ±2 per cent. The carbon dioxide of the expired air is equilibrated with 
methyl-red solution, the intensity of color being determined photo-electrically; 

, from this and the volume of inspired air, as recorded continuously by a gas meter 
in the closed circuit, carbon dioxide output can be computed vith an accuracy of 
±3 per cent for inteivals as short as one minute. 

By this means continuous record has been obtained of the effect on resphatoiy 
metabolism of adrenalin injected intravenously for 5-minute periods at rates of 
0.00025, 0.00050, 0.00100, 0.00200 and 0.00400 mgm. per kgm. per min. into cats 
under urethane-pentobarbital anesthesia. 

The lowest and minimally effective dose has a simple, straightforward calori- 
genic action in which oxygen intake, carbon dioxide output, pulmonaiy ventila- 
tion and respiratory quotient increase slowlj'- during the injection to a maximum 
at its termination and followed by gradual return to noimal. This response, m- 
creased and prolonged, is apparent, especially in the oxygen intake, also with the 
higher rates of administration; but, at these higher rates it is obscured at the 
beginnmg by the appearance of other types of action of entirely different char- 
acter. 

For oxj’-gen intake this initial response at the higher dosages consists of an 
immediate, sudden increase which is maximal within the first minute of injection 
and then almost as rapidly subsides in spite of continuing administration at uni- 
form rate. During the 3rd-4th minute of injection the declining limb of this 
initial increase meets with and is reversed by the gradual rise associated ivith the 
slowly augmented phase of adrenalin action so that the curve comes to have a 
bimodal appearance. 

Carbon dio.xide output at all rates of administration above the mmimal also 
shows the new appearance of an immediate, sudden outburst. This differs in 
type however from the coincident increase of oxygen intake; the maximum occurs 
during the second rather than the first minute of injection; and the subsidence 
toward normal is more gradual and prolonged. Because of this last and probably 
also due to retention to compensate for this initial, massive “auspumpung” the 
delayed rise which is so evident as a second hump on the oxygen cuivo is less evi- 
dent or entirely’' obscured with carbon dioxide output. 

It is suggested that the initial sharp rise in oxygen intake, when it occurs, may 
be associated vith oxygenation of anoxic red cells expressed from blood depots by' 
the higher concentrations of adrenalin. This should be sudden and transient and 
once complete would permit intake again to follow utilization as a measure of 
calorigenic action. 
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The initial outburst of carbon dioxide is probablj' due to displacement of it from 
the blood by lactic acid acidosis and massive elimination by the stimulated pul- 
monaiy ventilation. 

Under these conditions, respnatoiy quotient must be altogether vithout 
metabolic significance. 
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